Nanocomposites in civil engineering. by Hackman, Ian.
‘S / C ^ D
8426606
UNIVERSITY OF SURREY LIBRARY
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note  will indicate the deletion.
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
U N I V E R S I T Y  O F  S U R R E Y
Sc h o o l  o f  E n g in e e r in g
Nanocomposites in Civ il  
Engineering
Ia n  H a c k m a n  
S e p t e m b e r  2 0 0 7
T h es is  subm itted  to  the U n iv e rs ity  o f  Surrey fo r  the 
d eg ree  o f  D o c to r  o f  P h ilo sop h y
Abstract
A B S T R A C T
Chemically treated layered silicates (clays) can be combined with normal polymer 
matrix materials to form a nanocomposite in which clay layers are distributed 
throughout the material. Previous researchers have shown that these high aspect ratio 
clays can alter the properties o f  a range o f  thermoplastic and thermosetting polymers 
by a number o f  mechanisms; improving mechanical and thermal properties and 
reducing permeability. This study involves the investigation o f  these novel materials to 
assess their potential applicability within the civil engineering industry and to assess in 
which areas and situations they might be used.
Extensive research was conducted into the processing required for these materials to 
achieve sufficient organoclay exfoliation with a range o f  matrix materials. The 
subsequent nanocomposite materials were assessed using a range o f  characterisation 
techniques including XRD, TEM, SEM, OM, TG A, DSC and FT IR  spectroscopy. 
Organoclay morphology was found to be highly dependant on the type o f  surfactant 
and curing agent used and resulted in a variety o f  different types o f  nanocomposite 
being formed. A  variety o f  new manufacturing techniques were developed to generate 
void free and dimensionally consistent pure polymer and fibre composite specimens 
that allowed the frequently subtle property variations due to organoclay to be detected.
A  range o f  mechanical, thermal and durability properties were investigated to assess 
the differences that organoclay can generate when incorporated in the pure polymer 
and in a glass or carbon fibre composite. Mechanical testing o f  the pure polymer 
revealed small increases in tensile, flexural and compressive properties in glassy 
polymers; whereas in elastomeric polymers the properties can be improved by a factor 
o f  3 due to the high relative properties o f  organoclay compared to the polymer. When 
incorporated in a fibre composite the organoclay offered little improvement when in a 
glass fibre composite but was able to increase the properties o f  a carbon fibre 
composite. It is thought that this increase does not occur due to increased mechanical 
properties o f  the polymer commensurate with the law o f  mixtures theory but due to 
changes in the fibre-matrix interphase.
The permeability o f  nanocomposites when exposed to water was not improved, 
although the solvent permeability o f  some matrix materials was significantly reduced. 
Although a high degree o f  nanoscale exfoliation had been achieved, with highly 
separated clay platelets, the macroscale dispersion was not sufficient to result in 
reductions in Fickian water uptake via a tortuous path mechanism. Whereas, the 
reduction in solvent permeability was thought to arise from changes in the rate o f
Abstract
polymer relaxations due to polymer chain mobility being constrained by organoclay 
and altering the rate o f  Case II uptake.
The mechanical durability o f  pure polymer and glass fibre nanocomposites and the 
thermal durability o f  pure polymer nanocomposites were investigated. Little 
improvement was observed in the long-term durability properties o f  these materials 
after prolonged environmental conditioning as a result o f  organoclay.
The influence that organoclay has on polymer chain constraint was investigated by 
DSC and DRS to assess which combinations o f  materials develop significant changes 
to the polymer network. It was found that the same nanocomposite formulations that 
resulted in reduced solvent uptake also resulted in increased thermal and reduced 
dielectric properties.
Due to the requirement for high quality processing and the need to control cure cycle 
the implementation o f  nanocomposites would only be feasible within a pre­
manufactured product and could not be used onsite with confidence until new and 
improved materials or processing methods are developed. Reductions in permeability 
would have to be improved to a level beyond that observed in this investigation and to 
a level witnessed in a only a few  cases involving epoxy nanocomposites to warrant the 
additional expense o f  incorporating and processing organoclay It cannot currently be 
guaranteed that this level o f  permeability improvement would be established due to the 
limited number o f  cases in which this has been achieved. Therefore, the present state 
o f  the art does not allow sufficient improvements to be attained and the development 
o f  superior organoclays capable o f  becoming exfoliated with relative ease, or methods 
o f  processing that are proven to be highly effective, cost efficient, reproducible and 
rapid would be required before this technology could be applied to civil engineering 
materials. However, the future potential o f  nanocomposite materials remain significant 
and their application in civil engineering composites w ill offer significant advantages 
as the technology develops to allow economical processing and increased property 
advantages.
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C h a p t e r  1: 
In t r o d u c t io n  a n d  B a c k g r o u n d
1.1. I n t r o d u c t i o n
Fibre reinforced polym er (FR P) com posites are increasingly b eing used in the c iv il 
infrastructure in a w id e  range o f  applications; these include w h o le  com posite structures, 
external reinforcem ent o f  concrete and m etal structures, rebars and bridge decks. 
Com posites are used in situations w here they offer advantages over m ore traditional 
m aterials due to their h igh  sp ecific  strength and stiffness, durability and lo w  density 
providing ease o f  application. Increased awareness concerning the above m entioned 
physical advantages com bined w ith  increasing acceptance and kn ow led ge am ong design 
engineers, an increasing num ber o f  structures requiring strengthening, decreasing m aterial 
cost and advantages in w h o le  life -cy c le  costs h ave all contributed to an increase in the use 
o f  com posites in recent years.
H ow ever, there rem ain som e concerns regarding com posite durability esp ecia lly  
associated w ith degradation o f  G FR P  m aterials w hen exposed to m oist and alkaline 
environm ents. O ne potential m ethod to increase com posite durability utilises novel 
nanocom posite m aterials to reduce perm eability and lengthen service  life . This research 
study investigates the potential use o f  organoclay m aterials in ep oxy-glass fibre 
com posites for the c iv il engineering industry.
1.2. C o m p o s it e s  I n  C i v i l  E n g in e e r in g
T h e use o f  com posite m aterials is rapidly expanding and they are b ein g  used in a w id er 
variety  o f  situations. F or exam ple, increasing numbers o f  structures require strengthening 
due to deterioration or a change in loading. H ow ever, m ore conventional m aterials are 
still used even in situations w here the high sp ecific  m echanical properties o f  com posites
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represent a clear advantage. O ne o f  the m ain reasons for this is the perceived  lack  o f  
kn o w led ge and understanding o f  the long-term  perform ance o f  com posite m aterials w hen 
exposed to harsh environm ents.
T h e durability perform ance o f  any m aterial m ust be fu lly  understood to enable lifetim e 
costing analysis to b e  conducted. W ithout extensive kn ow ledge o f  the w a y  a m aterial w ill 
perform  under any com bination o f  environm ental conditions this cannot be accom plished. 
For exam ple, it is know n in w hich  situations concrete and steel structures w ill degrade, 
rou gh ly  h o w  fast this w ill occur, h o w  structures can be accurately  inspected, w hat sp ecific  
conditions and factors w ill increase the rate o f  deterioration and w hat m easures can be 
used to prevent or slow  dow n this process. This enables a reasonably accurate long-term  
projection o f  the life  cyc le  costing o f  a concrete or steel structure to b e  m ade w ith a given  
leve l o f  confidence.
In recent years the lack  in precise understanding o f  the long-term  durability o f  com posite 
m aterials has been addressed to som e degree, w ith  a significant amount o f  research 
conducted in this area. H ow ever, a constant issue is the ingress o f  m oisture through the 
polym er and the possib le degradation o f  fibre and/or fibre-m atrix interphase. T h e m atrix 
in a carbon fibre com posite w ill undergo the sam e kinds o f  degradation as a sim ilar 
m atrix com bined w ith  glass fibres. H ow ever, carbon fibre has the proven advantage o f  a 
greater level o f  chem ical stability over the cheaper glass fibres that can suffer from  a 
higher level o f  deterioration. G lass fibres are esp ecially  susceptible to m oist high pH 
environm ents due to fibre-m atrix bond breakdow n, but w ater w ill also lead to the 
deterioration o f  a glass fibre com posite. This becom es im portant w hen glass fibre 
com posites are used externally to reinforce concrete structures, internally as concrete 
rebars or in offshore structures. In addition, any aggressive envirom nent such as h igh  
levels  o f  m oisture could also lead to a degree o f  degradation.
In order to w iden the use o f  com posites the investigation o f  long-term  properties and 
developm ent o f  m aterials w ith  greater resistance to the factors causing degradation m ust 
be conducted, this can b e  achieved b y  im proving the properties o f  the fibre or m atrix. The 
m atrix is the com ponent that provides protection for the fibres and is the com ponent part 
that is investigated during this study.
M an y structures incorporating com posites h ave been in service for up to 30 years and are 
in good condition (H ollaw ay 2007). E xam ples have been show n o f  glass fibre rebars used 
in concrete for 5 to 8 years that h ave suffered no appreciable degradation (M ufti et al. 
2005). It is often attempted to sim ulate these kinds o f  long-term  experim ents using
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laboratory accelerated testing b y  em ployin g extrem e conditions. This is a p erfectly  
reasonable w a y  to test the relative durability o f  different com posites, but does not 
necessarily  g iv e  an accurate indication o f  potential service life  under norm al w orking 
conditions. It should b e noted that h igh  tem perature conditioning can alter fundam ental 
characteristics o f  the m atrix in w ays that w ould  never occur in-service. It is, therefore, 
important not to re ly  on accelerated testing to predict com posite durability under norm al 
circum stances w ithout proper com parison o f  the sam e specim ens applied in both 
situations. A lth ou gh  a crucial and interesting issue, the extrapolation o f  accelerated 
testing to in-service durability is beyond the scope o f  this project.
1.3. D u r a b i l i t y  o f  C o m p o s it e s
1.3.1. IN T R O D U C T IO N
There exist a substantial num ber o f  different properties that can b e  tested w ith respect to 
any m aterial, these properties can b e rou gh ly  divided into four categories, physical, 
m echanical, thermal and durability properties. Physical, m echanical and thermal 
properties can be tested in a m ore direct m anner than those o f  durability. A  m aterial w ill 
have a certain strength, m odulus or thermal characteristic; how ever, tim e dependent 
durability testing involves m ore com plex variables.
1.3.2. IM P R O V IN G  T H E  D U R A B IL IT Y  O F  C O M P O S IT E S
Increasing the durability o f  com posites can often b e  achieved b y  im proving either o f  the 
tw o constituent com ponents o f  the com posite, the fibre or the m atrix, or the w a y  they 
interact at the interphase. A d van ces in m aterials technology, as described below , have 
prim arily focused on the durability o f  the fibre and resulted in som e im provem ents.
N e w  types o f  glass fibre are n ow  available that are m ore resistant to alkaline 
environm ents and can be used to increase the durability o f  com posites that incorporate 
them. A dvan tex, m anufactured b y  O w ens C om ing, is reported to h ave retained 100%  o f  
its original tensile strength after 140 days im m ersion in a sim ulated concrete pore solution 
w h ile  loaded to 30%  o f  ultim ate load (Benm okrane et al. 2002). W hereas, conventional 
E -glass fibres exposed to the sam e conditions exhibited a 16 %  loss o f  tensile strength. 
A R co te X T M , m anufactured b y  Saint-G obain V etrotex, produce a sim ilar alkaline 
resistant glass fibre that has been proven to increase the durability o f  glass fibre 
com posites (Alm enara &  Thom burrow  2004).
L ess w ork  has been conducted investigating the influence o f  m atrix properties on 
com posite durability, this area is under consideration during this study.
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1.3.3. C o m p o s it e  D e g r a d a t io n  M e c h a n is m s
There exist a num ber o f  m echanism s b y  w hich  the properties o f  a com posite can b e 
reduced. T h e ability  o f  a com posite to resist these changes, i.e. durability, can b e divided 
into sp ecific  areas depending on the source o f  degradation:
• M oisture and aqueous environm ents (including alkaline and salt solutions)
• Therm al effects
• U ltra-violet radiation
E ffects due to long-term  loading that can a ffect com posite perform ance are:
• Creep
• Fatigue
A  large amount o f  w o rk  has been conducted into the fatigue (M cB agon lu ri et al. 2000; 
Shan et al. 2002; L iao  et al. 1999b; M iyano et al. 2005), m oisture perm eability (Ghotra et 
al. 2002; B anksa et al. 2000; C astaing &  L em oine 1995) and environm ental resistance 
(Farshad &  N eco la  2002; L iao et al. 1999a; K ootsookos &  M ouritz 2004; Sen et al. 2002; 
S o o kay  et al. 2003). H ow ever, less w ork  has been conducted into the areas o f  creep 
(B alazs &  B orosn yoi 2001), therm al effects (R ivera &  Karbhari 2002) and U V  resistance 
(Kato et al. 1997). O f  these m echanism s it is often found that the ingress o f  aqueous 
solutions has the greatest e ffect on com posite durability.
1.3.4. E f f e c t  o f  C o n c r e t e  A l k a l i n i t y
C om posite m aterials are frequently used in close proxim ity to, in contact w ith, or 
enclosed in, concrete. T h e high pH va lu e  o f  the cem ent pore solution generates a problem  
relating to the durability o f  glass fibre com posites. U pon m anufacture the pH is around
12.8 increasing to around 13.4  after 7 days (L i et al. 1999). D uring accelerated durability 
testing sim ulated pore w ater solutions are often em ployed to recreate the conditions 
w ithin concrete.
1.3.5. A l k a l i  D u r a b il it y
Carbon fibres do not absorb liquids and are subsequently resistant to all form s o f  ingress 
from  alkalis or solvents (B alazs &  B orosn yoi 2001). A ram id fibres h ave been reported to 
suffer som e reduction in tensile strength w hen exposed to an alkaline environm ent 
(B alazs &  B orosn yoi 2001). H ow ever, the long-term  properties o f  a m atrix in a C F R P  and 
A F R P  are still o f  im portance to the overall properties o f  the com posite.
G lass fibres are susceptible to attack from  alkali due to the reactiv ity  o f  the glass itself. 
T h e fibres degrade b y  a loss in toughness and strength and b ecom e increasingly  brittle as 
the level o f  deterioration increases. T h e fibres are degraded b y  tw o m ain m echanism s;
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firstly, reaction betw een the silica  and alkali; and secondly, concentration and grow th o f  
hydration products betw een the filam ents (M urphy et al. 1999).
C hem ical attack o f  glass b y  h yd ro xyl groups can breakdow n the silica  and o x ygen  
structure (Sen et al. 2002). This h yd roxylation  o f  the glass structure in itia lly  leads to 
pitting and roughening o f  the fibre surface reducing their m echanical properties. O ver a 
longer period o f  tim e the fibre cross-section becom es reduced, severely  im pacting the 
strength o f  the fibres. This process also occurs w ith  w ater but to a lesser extent.
1.3.6. Sim u l a t i n g  C o n c r e t e  P o r e  So l u t io n
D eterm ination o f  com posite durability requires that a solution b e created that replicates 
the cem ent pore solution as accurately  as possible. The pore solution is a com p lex m ix  o f  
chem ical species that is alm ost im possible to recreate exactly  w ithout u sing cem ent itself. 
T hese sim ulated conditions u su ally  em ploy a sim ple, high pH , solution that does not 
accurately  replicate the pore w ater conditions o f  cement. I f  the exact conditions o f  the 
pore solution are not required, a solution o f  h igh  pH  m aybe used that does not replicate 
the alkali salts inside cem ent. O ver a long period o f  tim e the pH  level w ill  reduce due to 
h yd ro xyl groups reacting w ith  silica, further reducing the accu racy o f  the test. 
A ltern atively , to ensure the h igh  leve l o f  pH  rem ains constant over a long period o f  tim e 
the solution m ust be replaced or added to. This w ill result in a m uch higher or lo w er 
concentration o f  alkali salts than ty p ica lly  encountered, although the pH  level m ay rem ain 
constant.
1.3.7. W a t e r -A l k a l i  D u r a b il it y
A lth ou gh  it is know n that glass fibres are susceptible to alkali attack it has been found in 
som e cases that degradation o f  a com posite, over the early stages o f  a test, exposed to 
h igh alkalin ity  is no faster than w hen exposed to w ater (Tsotsis &  L e e  1996; Karbhari et 
al. 2002). T sotsis &  L ee (1996) reported that pH  level does not a ffect the tensile strength 
w hich  is on ly  affected b y  tim e and tem perature o f  exposure. This is thought to occur 
because the larger alkali hydroxide m olecules d iffu se m uch slow er than w ater through the 
polym er causing all m oisture absorbed to h ave the sam e pH  regardless o f  solution 
alkalinity. Therefore, during shorter testing periods the vast m ajority  o f  degradation in a 
com posite occurs due to the presence o f  w ater and the pH o f  the solution has no effect. 
D uring longer scale testing the effect o f  alkalinity is significant as there is sufficient tim e 
for these larger m olecules to penetrate to the fibres and the fibre-m atrix interface (M urphy 
et al. 1999). H ow ever, w hen testing under accelerated conditions the e ffect o f  h igh  alkali 
solutions can often b e no m ore severe than that o f  water.
A
Therefore, during a com parative accelerated study o f  different m atrix m aterials to gain an 
understanding o f  changes in perm eability a realistic alkali solution is not required. I f  a 
m atrix is found that generates perm eability reductions w hen tested w ith w ater the e ffect 
w ill b e  sim ilar w hen tested w ith  alkali. Therefore, due to the sim ilar e ffect o f  w ater and 
alkali, and the difficulties discussed above regarding sim ulating accurate concrete pore 
solutions, w ater w ill b e  used during this study to u ncover perm eability changes in 
nanocom posite m aterials. W hereas, i f  the h u e  long-term  effects o f  alkali on com posite 
strength w ere required then an alkali solution should be used
1.4. R e s e a r c h  O b j e c t iv e s
R esearch into nanocom posite m aterials has m ostly  been carried out b y  chem ists and 
m aterial scientists w ho h ave developed the tech nology and investigated a broad range o f  
general m aterial properties. H ow ever, sp ecific  tests to determ ine engineering properties 
and exam ine the potential advantages over existing m aterials are not generally  conducted. 
C onsequently, transfer o f  new  technologies betw een academ ic discip lines relies on 
investigations o f  these novel m aterials from  the perspective o f  the area to w hich  they 
could potentially b e  applied. T o  ascertain if, and in w hich  areas and situations, th ey m ay 
b e relevant and offer advantages over currently used m aterials. Therefore, the aim o f  this 
study is to investigate the properties o f  organ o clay  nanocom posites w hen applied to c iv il 
engineering com posite m aterials and to evaluate the relative property advantages and 
disadvantages that m ay  b e  generated. F o llo w in g  w hich  the potential applicability  o f  
organoclay nanocom posites in c iv il engineering m atrix polym ers m a y  be established. This 
broad ob jective m ay be d ivided into three aim s, investigating the influence o f  organ o clay  
on:
(1) P olym er perm eability and com posite durability.
(2) M echanical and therm al properties.
(3) Processing and applicability  w ithin the c iv il engineering industry.
The First Aim
T h e original basis for this investigation w as research indicating that polym er-organoclay 
nanocom posites m ay b e  able to reduce the rate o f  perm eability in the p olym er to w hich  
th ey are applied. T h e first aim w as therefore an investigation o f  p olym er perm eability and 
com posite durability to determ ine i f  any advantages can b e achieved, but the im pact on all 
other properties m ust b e  fu lly  understood to a llow  a considered and inform ed discussion 
o f  the overall influence o f  organoclay.
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The Second Aim
S ignificant amounts o f  research h ave show n that a variety  o f  m aterial properties can be 
altered, in som e instances these reports are conflicting and often indicate no overall 
change. T h e  second aim  w as the investigation o f  m aterial properties, other than 
perm eability, to ascertain changes to k e y  engineering properties. T h e influence 
organoclay exerts on a fu ll range o f  engineering properties should reveal the advantages 
and lim itations o f  this new  tech n ology and subsequently w hether, and under w hat 
circum stances and applications, it m ay  b e  applied to civ il engineering com posites. T his is 
esp ecia lly  relevant i f  som e m aterial properties are reduced as the advantages and 
disadvantages w ould  h ave to b e considered for different applications to determ ine i f  
nanocom posite m aterials o ffer an overall benefit. The influence o f  o rgan o clay  on m atrix 
polym er-nanocom posites w as investigated to ascertain any changes in m echanical 
properties, fo llo w ed  b y  the effect o f  organoclay w hen applied to fibre reinforced 
com posites. This w ill provide an understanding o f  h ow  o rgan o clay  can affect the 
m echanical properties o f  com posite m aterials a llow in g conclusions to b e  drawn regarding 
one potential advantage o f  these nanocom posite m aterials.
The Third Aim
T h e potential application o f  organoclay to c iv il engineering com posites w ill depend on 
m ore than the final m aterial properties and w hether they are advantageous. A  range o f  
other factors w ill also determ ine applicability  such as h ow  easily  these m aterials can be 
incoiporated into com posites; this w ill d iffer for factory processed pultrasions, pre-pregs 
and onsite lay-ups. A s  a consequence the third aim w as to investigate the processing o f  
these m aterials and to ascertain w hich  m ethods develop superior properties and w hether 
these m ethods are com patible w ith  current com posite processing requirem ents. 
Investigation o f  a variety  o f  different organoclay m aterials w as conducted to d iscover 
w hich  com binations o f  m aterials p rovide the greatest advantages and i f  any com binations 
should b e avoided due to a negative influence on m aterial properties. D irect analysis o f  
the structure and testing o f  m aterial properties w as used to infer the m acro- and nano­
scale structure and h o w  processing and m aterials im pact m orphology.
1.5. T h e s is  O u t l in e
T h e content o f  this w ork can b e divided into tw o m ain areas; firstly, the investigation o f  
organo clay  nanocom posites w ith  respect to their m anufacture, m orp h ology and other 
characteristics using a variety  o f  different organoclays, m atrix polym ers and processing 
m ethods. This w as necessary so that a full understanding o f  these m aterials w as achieved 
to appreciate h o w  processing and m aterials selection can influence m orph ology and 
m aterial properties. Secondly, investigation o f  a range o f  m echanical, barrier, thermal and
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durability properties that can alter as a result o f  organoclay incorporation using m aterials
/
developed in the first part.
Chapter 2 provides a b r ie f  review  o f  com posite m aterials w ith special consideration given  
to ep o xy  m atrix polym ers and relevant aspects o f  durability. Chapter 2 also contains an 
introduction to o rgan o clay  nanocom posites to highlight important aspects relating to 
m aterial properties, characterisation, processing and reinforcem ent m echanism s, am ong 
other factors, that are continually  discussed during this study. The m aterials, processing 
m ethods and m anufacturing techniques used throughout this investigation are described in 
Chapter 3. Chapter 4 in vo lves a detailed discussion and review  o f  the m orphological 
developm ent o f  nanocom posites during this study using different curing agents, 
organoclays, processing m ethods and curing schedules. A  range o f  techniques to 
characterise m acro- and nanoscale m orphology, analyse curing kinetics and chem ical 
structure o f  the subsequent nanocom posites are used to investigate the influence o f  the 
aforem entioned variables.
Chapters 5-9 present the investigation o f  m echanical properties o f  polym er- 
nanocom posites, m echanical properties o f  fibre-nanocom posites, perm eability o f  
nanocom posites to m oisture and solvents, m echanical and thermal durability o f  polym er 
and fibre-nanocom posites and the influence o f  organoclay on p olym er chain m obility, 
using the m ost appropriate m aterials as determ ined in Chapter 4.
A  study o f  current theoretical m odels for analysing nanocom posite m echanical properties 
com pared to experim ental results is conducted in Chapter 10 w ith  conclusions o f  the 
research study provided in Chapter 11 .
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C h a p t e r  2: 
B a c k g r o u n d  t o  C o m po sit e s  a n d  
N a n o c o m p o s it e s
2.1. C o m p o s it e  M a t e r ia l s
2.1.1. In t r o d u c t io n
C om posite m aterials are com posed o f  rein forcing fibres that are surrounded b y  a polym er 
m atrix to protect and hold the fibres in place. T h e properties o f  a com posite w ill depend 
on the properties o f  these tw o constituent m aterials, these are discussed below .
2.1.2. F ib r e s
The fibre is required to h ave high sp ecific  strength and stiffness w ith  its strength and 
dim ensions rem aining constant along individual fibres and betw een adjacent fibres. It is 
m ade from  a suitable m aterial that w ill experience m inim um  degradation and loss in 
strength and m odulus over tim e. T h e variation o f  strength and stiffness o f  a com posite 
w ill depend on the fo llow ing:
• T h e m echanical properties o f  the fibre.
• The degree o f  surface interaction betw een fibre and polym er.
• T h e fibre/volum e fraction.
• T h e orientation o f  the fibres in the com posite.
T h e degree o f  surface interaction is controlled b y  interfacial bonding betw een the fibre 
and m atrix. A  high level o f  bonding w ill result in a com posite acting w ith com plete 
interaction and all the fibres and resin w orking  together. A  lo w  leve l o f  interaction w ill 
result in a h igh level o f  slip betw een the fibres and the polym er, the fibres w ill not w ork 
together and the ultim ate properties w ill b e  vastly  reduced. T h e  leve l o f  interfacial 
bonding attained typ ica lly  relies on the surface treatments g iven  to the fibres during 
m anufacture and their com patibility w ith  the resin m atrix.
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2.1.3. M a t r ix  P o l y m e r s
The combination o f high strength and modulus fibres with a low modulus, lightweight 
and durable matrix is the key to producing a viable commercial composite. The matrix 
must hold the fibres in the correct position and alignment so they can carry the load 
applied to them. The matrix must provide adequate physical protection to the fibres 
during manufacture, subsequent handling and during its operational lifetime. The matrix 
must provide resistance to chemical attack that could damage the fibres. In most cases the 
matrix will reduce the ingress o f these chemical agents by a significant amount; however, 
eventually they will diffuse through the material. Therefore, to perform these required 
objectives the matrix polymer must have the following characteristics.
• Good mechanical properties.
• Good adhesive properties for matrix-fibre bonding.
• Good toughness for physical protection.
• Good resistance to chemical degradation.
The two main types o f matrix polymer used in civil engineering are thermoplastic and 
thermosetting polymers. Thermosetting polymers, in general, have superior mechanical 
properties and higher resistance to chemical attack but are more expensive and are used 
where their superior properties are required. Although not used during testing in this 
investigation, thermoplastic polymers have been used extensively during nanocomposite 
research and are thus frequently discussed; therefore, both types o f polymer are 
introduced to highlight the differences.
2.1.3.1. Thermoplastic Polymers
During the formation o f a thermoplastic polymer long chain hydrocarbons form no 
permanent bonds between neighbouring chains. The individual chains are able to slide 
over one another as only relatively weak intermolecular bonds (Van der Waals, dipole or 
hydrogen bonds) and chain entanglement hold them together. Therefore, thermoplastic 
polymers generally have lower stiffness and higher elongation to failure than 
thermosetting polymers. Thermoplastic polymers have the ability to be softened and 
melted by heating but then will harden again when cooled. This process can often be 
repeated without any effect on the material properties in either the solid or liquid state. 
Examples o f thermoplastic polymers include polyvinyl chloride, polyamide (nylon), 
polyethylene, poly(methyl methacrylate), polystyrene and polypropylene.
2.1.3.2. Thermosetting Polymers
During the formation o f a thermosetting polymer hydrocarbon chains form strong 
permanent bonds between different chains. This “cross-linking” o f the chains is an 
irreversible chemical reaction that binds the individual chains into a complex three­
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dimensional network o f hydrocarbons. The resulting polymer is typically a hard, stiff and 
chemically inert substance that displays good physical characteristics. Unlike 
thermoplastic polymers they will not soften and melt when heated, although i f  they are 
heated above a certain temperature their physical properties will change significantly. The 
glass transition temperature is the point at which a polymer changes from a stiff, glassy, 
material to a flexible, rubbery, material. This process is reversible but continued heating 
will cause degradation o f the polymer and a reduction in mechanical properties. Examples 
o f common thermosetting polymers include epoxy, polyester and vinyl ester.
2.2. E p o x y -A m i n e  P o l y m e r s
2.2.1. I n t r o d u c t io n
Epoxy-amine polymer systems have been used extensively during this study so a more 
detailed review of these systems is provided. The type and structure o f an epoxy resin 
used for the production o f nanocomposites will greatly influence the subsequent material 
properties. The base resin is an important component and must be carefully selected to 
ensure that it will be as compatible as possible with organoclay.
2.2.2. D i g l y c i d y l  E t h e r  o f  B is p h e n o l  A  E p o x y  R e s in  (D G EBA )
Although commonly referred to as a Bisphenol A  epoxy resin, this type o f resin is not 
Bisphenol A. Bisphenol A  is one o f the constituent materials that reacts with 
epichlorohydrin in the presence o f a sodium hydroxide catalyst to form diglycidyl ether o f 
Bisphenol A  (DGEBA).
H°~4C Y ' r “C Y OH+2 H2caCH-CH2-0 ^ ^ ^ C -< ^ )-0 -C H 2-HC-CH2
C H 3 C H 3
B isp h en ol A  E pichlorohydrin D ig lyc id y leth er  o f  B isp h en ol A
Figure 2.1. Reaction mechanism forming DGEBA.
DGEBA has reactive epoxide groups (a reactive oxirane structure) at either end o f the 
chain that enables it to be cross-linked. The purest form o f DGEBA has the structure 
shown above (Figure 2.1) and has an epoxy equivalent weight (EEW) o f 170. However, 
molecules with a central repeating unit occur resulting in a higher molecular weight per 
epoxide group (Figure 2.2). These molecules result in higher viscosity and can lead to 
solid epoxy resins. Typical low viscosity epoxies have EEWs o f 180-200, this means that 
most o f the molecules have no repeating units; however some do and this results in an 
average ‘n’ number, Figure 2.2, o f 0.05 to 0.25.
o  ,— v C H 3 ,— , o h  n ,— v C H
/ \
h 2c - c h - c h 2- o - ^ ^ > -  c  o - c h 2- c h - c h 2 -  o  - c c h 2- h c - c h 2 
c h 3 -------
Figure 2.2. Repeating unit structure of DGEBA.
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2.2.3. C u r in g  M e c h a n is m  O f  A m in e -E p o x y  R e s in s
The mechanism by which epoxy resin cures is o f great importance to the formation o f 
epoxy nanocomposites. It is during the curing process that clay layers can separate and 
the way in which these changes occur will depend heavily on the curing process.
Amine curing agents can vary widely in terms o f size and structure; however, they all 
contain primary or secondary amines that will allow it to cross-link with an epoxy resin. 
Each primary amine can react with two epoxide groups and each secondary amine can 
react with one. The epoxide ring is opened up and bonds with one o f the reaction sites o f 
the primary amine (Figure 2.3).
A  8"
r n h 2 +  h 2c - c h - c h 2- o - / -  — -  r n - c h 2- c h - c h 2- o / -
H
Figure 2.3. Reaction mechanism showing stage one amine-epoxy curing reaction.
This results in the resin molecule with a secondary amine bonded to one end, the
secondary amine can then react with another epoxide group (Figure 2.4).
O H
0  o h  c h 2- c h - c h 2- o / -
H2C - C H - C H 2- 0 / -  +  R N - C H 2- C H - C H 2- 0 - / -  -------   R N
H  c h 2- c h - c h 2- o / -
O H
Figure 2.4. Reaction mechanism showing stage two amine-epoxy curing reaction.
This results in a diamine molecule being bonded between two pre-polymer molecules at 
one end and two at the other. Therefore, each diamine molecule will bond to four epoxy 
molecules forming a cross-linked material (Figure 2.5).
N— CurinS —N N— Curil1g —N
agen t \  j a g en t
C H 2-  E p o x y  - C H 2 ,CH2-  E p o x y  -  C H 2
N _  C u r in g  _ N  
a gen t
C H 2-  E p o x y  - C H 2 C H 2-  E p o x y  - C H 2
N _ C u r i n g _ N ' \
a g en t \ , N —  °  — N
°  ' 1 a g en t
Figure 2.5. Diagrammatic representation o f a cross-linked amine-epoxy system.
Hydroxyl groups formed during the first two stages are capable o f reacting with other 
epoxide groups to form an ether linkage (Figure 2.6). This reaction occurs slowly unless it 
is catalysed, usually by tertiary amines. However, the tertiary amine that was formed 
during the first two steps cannot achieve this as it is bonded into the epoxy network. This 
reaction takes place when separate materials containing tertiary amines are added.
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O H
c h - c h 2 -/-
i
O H  o  OI / \ I
- / - c h 2- c h - c h 2 -/- +  h 2c - c h - c h 2- o / -  — -  -/- c h 2- c h - c h 2 -/- 
Figure 2.6. Reaction mechanism showing etherification in amine-epoxy systems.
2.2.4. St o ic h io m e t r y  o f  R e s in  A n d  C u r in g  A g e n t
To obtain a matrix that has desirable physical properties and will cure within an 
acceptable time and temperature range a stoichiometric quantity o f curing agent must be 
calculated for each different combination o f epoxy resin and curing agent.
To determine the stoichiometric ratio the EEW o f the resin and the amine-hydro gen 
equivalent weight (AHEW) o f the curing agent are required. The EEW is the weight o f 
epoxy molecules per active epoxide group, in a pure DGEBA the molecular weight is 
340; there are two active epoxide groups so the EEW is 170. The AHEW o f the curing 
agent can be calculated i f  the structure o f the curing agent is known. The AHEW is the 
weight o f curing agent per reactive amine hydrogen, this is demonstrated by using 
dimethyl triamine (DETA) as an example.
Structure o f DETA: NH2-CH2-CH2-NH-CH2-CH2-NH2
The curing agent has a molecular weight o f 103. There are five active amine hydrogens, 
two at either end attached to the primary amine and one in the centre attached to the 
secondary amine.
AHEW -  Molecular weight of curing agent _ 103 _ 2 q 5 
Number of active amine hydrogens 5
Giving a stoichiometric ratio of:
AHEW x 100 20.6x 100
= 12.1
EEW 170
Therefore, the weight ratio required to create a stoichiometric mix o f DER331 and DETA 
would be 100:12.1 respectively.
2.3. I n t r o d u c t i o n  t o  N a n o c o m p o s it e s
Nanocomposite materials have been receiving increasing attention over recent years due 
to the superior properties that can be exhibited when material composition and structure is 
controlled at a molecular level. An introduction to the basic theory and processes 
involved in polymer-nanocomposites are provided in this section. This covers a broad 
range o f aspects that are discussed throughout this thesis and are required to gain an 
understanding o f the underlying ideas and concepts.
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2 .4 . T y p e s  o f  N a n o p a r t i c l e
2 .4 .1. I n t r o d u c t i o n
As with a normal composite, a nanocomposite is formed from a combination o f two or 
more materials; however, one o f the materials has dimensions in the nanoscale (<100nm). 
Nanoparticles can be classified into three categories depending on their number o f 
nanoscale dimensions. Nano-spheres, nano-fibres and nano-plates have three, two and one 
nanoscale dimension respectively (Thostenson et al. 2005).
2.4.2. N a n o -S p h e r e s
Nano-spheres o f metals including titanium, aluminium, copper, zinc and iron, can be 
produced by methods such as gas condensation (Ward et al. 2006; Ye 1997) where metal 
vapour is formed in an oxygen or inert atmosphere. The aim is to separate and disperse 
them uniformly within a matrix in order to improve a number o f material properties. The 
property enhancements derive mainly from the interfacial effects that occur when these 
materials are mixed. A  polymer interphase is commonly formed around the nano-sphere 
that has different properties to that o f the bulk material due to changes in polymer 
constraint and bonding. It is this inteiphase, and to a lesser degree the properties o f the 
particle itself, which result in the beneficial properties o f nano-sphere composites 
(Fothergill et al. 2004).
2.4.3. N a n o - F i b r e s
Carbon nanotubes are a common type o f nano-fibre and are currently being intensely 
researched due to their exceptional mechanical properties. Carbon nanotubes are a special 
structural variation o f carbon that were discovered in 1991 by a Japanese electron 
microscopist (Iijima 1991); their structure is unlike amorphous carbon, graphite or 
diamond. They are a well-ordered structure o f cylindrical shape, about lmn in diameter 
and o f varying length. This cylindrical shape is constructed o f hexagonal and pentagonal 
faces, joined together to form a highly ordered structure. Nano-fibre composites derive 
more o f their properties from the nanoparticle itself, unlike those o f nano-sphere 
composites that derive mainly from the interphase.
Nanotubes have exceptional mechanical and electrical properties. Their tensile strength 
and elastic modulus have been reported in the region o f 200GPa and lTPa respectively, 
with a maximum failure strain o f 10-30% (Lau & Hui 2002). However, contrasting 
research has shown that the tensile strength and modulus is quite varied and may be 
estimated as being between ll-63GPa and 270-960GPa respectively, with a failure strain 
o f 12% (Yu et al. 2000). However, these strengths are still high and could be used to 
produce extremely high strength and very stiff composites.
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For example, the tensile strength and elastic modulus o f a polystyrene polymer were 
increased by 42 and 25% respectively with only a 1% addition o f short-length carbon 
nanotubes (Qian et al. 2000). With higher reinforcement percentages and longer strands it 
can be expected that the strength and modulus increases would be far greater and would 
represent a way to increase the performance o f any composite. Currently, problems 
remain with the manufacture o f long carbon nanotubes that are free from entanglement.
Other types o f nano-fibres have been examined but have received less attention than 
carbon nanotubes. Boron-nitrogen nanotubes have similar mechanical properties to those 
o f carbon, a better oxidation resistance and are electrically insulating (Ajayan et al. 2003).
2.4.4. N a n o -P l a t e s
Nano-plates are generally naturally occurring layered materials such as layered silicates 
(clays); however, some man-made materials such as silicic acids have also used (Wang et 
al. 1996). The objective in a nanocomposite produced from plate like fillers is to disperse 
them in a polymer to take advantage o f the large surface areas and thus modify polymer 
properties. First produced by a group o f Toyota researchers by dispersing clay within 
Nylon-6 (ICojima et al. 1993a), nano-plate composites showed considerable mechanical 
and permeability property advantages (ICojima et al. 1993b). Nano-plates have continued 
to attract considerable attention and are the basis for this work and are discussed in 
greater detail in subsequent areas. A  number o f extensive reviews have been published 
that cover various areas o f nanocomposite processing, behaviour and properties with 
respect to numerous types o f polymer (Le Baron et al. 1999; Ray & Olcamoto 2003; 
Alexandre & Dubois 2000; Utraki 2004).
2 .5 . O r g a n o c l a y  N a n o c o m p o s i t e s
2 .5 .1 . C l a y s  U s e d  I n  N a n o c o m p o s i t e s
Smectites are a group o f expandable phyllosilicates that have a permanent layer charge. 
Minerals classified in the smectite family include vermiculite, saponite, nontronite and 
montmorillonite, the latter being the most commonly used in layered silicate 
nanocomposites. They naturally form layers o f oxide sheets that only have a weak 
interaction holding them together. Montmorillonite has a crystalline structure that is 
composed o f ‘two silica tetrahedral sheets fused to an edge-shared octahedral sheet o f 
nominally alumina or magnesia’ (Matayabas & Turner 2000).
The substitution o f ions with lower valency in these octahedral and tetrahedral sheets (e.g. 
Mg2+ for A l3+ or A l3+ for Si4+) results in an overall negative charge for each clay layer. 
This negative charge is balanced by charge compensating cations (Li+, Na+, K+ or Ca2+) 
that enter the clay galleries. These charge compensating cations can then be exchanged
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with organic cations in an external solution provided that the overall charge balance is 
maintained (Alexandre & Dubois 2000).
The clay layers, or platelets, are 0.96nm thick and vary from 20nm to 2000nm in length 
and width, depending on the type o f smectite clay. However, montmorillonite layers are 
typically 150-250nm in length and width. The resulting surface area o f these materials is 
massive; their high aspect ratio results in a surface area o f around 700m /g. Between the 
oxide layers is a gap known as the gallery layer, this gallery fills with water when wet and 
causes the clay to swell. The same principle o f clay swelling is used to manufacture 
nanocomposites and the way in which the gap changes can alter the properties o f the 
resulting nanocomposite.
2.5.2. C h e m i c a l  M o d i f i c a t i o n
Chemical modification o f montmorillonite is required so that clay layers can be dispersed 
in, and achieve full interfacial interaction with, polymers. Natural montmorillonite is 
hydrophilic and will be attracted to, and favour interaction with, water and will not easily 
be dispersed into an organic liquid. Therefore, to produce a nanocomposite with the clay 
and polymer well mixed, the clay must be turned from a hydrophilic into an hydrophobic 
(organophilic) substance.
The modification o f clay so that it may be integrated with organic polymers is known as 
compatibilisation. The most common compatibilisation process is onium-ion 
modification; used by several companies to alter the chemical composition o f 
montmorillonite to form an organophilic material. This method involves ionically 
bonding a surfactant, a small hydrocarbon chain, to the surface o f the clay layer. The 
surfactant is organophilic and thus provides the required dipole moments for the clay to 
mix with organic polymers. Many different types o f surfactant have been used, primary 
and quaternary ammonium ions are most common; however, they all contain at least one 
long chain hydrocarbon that provides the necessary dipole moments for bonding between 
surfactant and polymer.
The cation exchange capacity (CEC) o f a layered silicate determines the amount o f 
exchangeable interlayer cations that are required to balance the negative charge o f the 
clay layers. Clays that require a larger number o f exchangeable cations to maintain a 
neutral charge will have a higher CEC. This causes a larger number o f surfactants to be 
substituted for the charge compensating cations originally present during 
compatibilisation. This results in higher CEC clays having a greater surfactant density and
generating a more organophilic material. Natural clay that has been organically modified, 
and is compatible with organic polymers, is hence referred to as organoclay.
2.5.3. O r g a n o c l a y  P r o d u c t s
There are an increasing number o f companies that produce organoclay materials by 
chemically treating naturally occurring (or synthetic) minerals to create organoclays that 
are compatible with organic polymers. Three main producers are Nanocor, Southern Clay 
and Siid Chemie, who all use similar types o f clay and apply similar chemical treatments 
to these materials.
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Nanocor is a subsidiary o f AMCOL International Corporation and has been commercially 
producing organoclay since 1998. They are currently the largest supplier o f organoclay 
which are distributed under the Nanomer brand name.
Clay Surfactant
Simplified Surfactant 
Structure Brand Names and Producers
Unmodified Na+ 
montmorillonite (UMC) -
Nanofil 757 
Cloisite Na+ 
PGW  - Nanocor
Octadecyl ammonium N* 3[H] [CH3(CH2)17]
Nanofil 848 
Nanomer I.30E
Dimethyl dioctadecyl 
ammonium
Y t  2[CH3] 2[CH3(CH2)17]
Nanofil 5, 15, 8, 948 
Cloisite 15 A , 20A 
Nanomer I.42E
Dimethyl benzyl octadecyl 
ammonium
N "2[C H 3] [CH2C 6H5] 
[CH3(CH2)17]
Nanofil 2, 32, 9 ,9 19  
Cloisite 10A
Trimethyl octadecyl 
ammonium
NT 3[CH3] [CH3(CH2) 17] Nanomer I.28E
Methyl octadecyl bis-2 
hydroxyethyl aimnonium
N" [CH3] [CH3(CH2)17] 
2[(CH2)2OH] Cloisite 30B
Table 2.1. Examples o f  commercially available surfactants showing a simplified
chemical structure.
Southern Clay Products is a subsidiary o f Rockwood Specialties Inc., they produce a wide 
range o f chemically treated clays under many different brand names including Laponite, 
Cloisite, Garamite, Gelwhite, Claytone and Pennont Cloisite being the most widely used 
additive in the production o f polymer nanocomposites.
Sud Chemie is a large multinational chemical and industrial minerals company that 
provide a wide range of products for a variety o f different industries. They produce many 
types o f organoclay distributed under the Nanofil brand name.
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The types o f organoclay produced by different manufacturers are shown in Table 1.1 
grouped by the type o f surfactant applied to each.
2 .6 . N a n o c o m p o s i t e  M o r p h o l o g y
The way in which clay platelets are dispersed in a polymer will influence interfacial 
bonding and the level o f polymer-organoclay interaction. There are three broad types o f 
structure that can be formed by the introduction o f nano-plates into polymers (Ray & 
Okamoto 2003).
2 .6 .1 . C l a y - F i l l e d  ( C o n v e n t i o n a l ) C o m p o s i t e s
A  clay-filled composite occurs when platelets exist as inert filler and do not form any 
molecular bonds with the matrix, creating a material with two distinct phases (Figure 2.7). 
When clay has not undergone any compatibilisation treatment, or the matrix and 
organoclay are incompatible, the platelets will not have the required polarity to be wetted 
by the polymer. This results in little, or no, interfacial bonding between the two. The clay 
layers will remain held together by Van der Waals forces resulting in no clay layer 
separation and so prevents the polymer from penetrating the clay galleries. This type o f 
composite is often used as a cheap way to fill polymers by reducing the required volume 
o f more expensive epoxy resin.
Figure 2.7. Diagrammatic representation o f  a clay-filled composite.
2.6.2. IN T E R C A LA T E D  N A N O CO M PO SITE S
Intercalated nanocomposites are formed when clay platelets are separated by a regular 
distance (Figure 2.8). Polymer molecules will enter this increased size gallery layer and, 
providing there is a good level o f organoclay-polymer compatibility, develop interfacial 
bonding between the polymer and organoclay. The degree o f interfacial bonding, and 
subsequent interaction between the polymer and clay layers, will depend on the type and 
density o f chemical modification that has been applied to the clay. The clay layers will act 
as reinforcement for the polymer; however, due to their fixed layer separation they will 
not be evenly distributed through the matrix and will not provide the optimum amount o f 
reinforcement.
The distance to which clay layers will separate is determined by the length o f the 
organoclay surfactant chain. When resin and organoclay are mixed organoclay layers will 
separate until the surfactant chains have orientated themselves perpendicular to the clay
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layers. An intercalated structure is formed when the polymer cures and captures this 
increased clay layer separation with polymer chains between the platelets.
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Ordered
Disordered
Figure 2.8. Diagrammatic representation o f  intercalated nanocomposites.
2.6.3. E x f o l i a t e d  N a n o c o m p o s i t e s
An exfoliated nanocomposite is formed when clay layers are dispersed with random 
separation and orientation (Figure 2.9), the distance between clay layers depending on 
clay loading. The degree o f polymer-organoelay interfacial bonding will depend on the 
type and density o f chemical modification that has been applied to the clay, in a similar 
way to intercalated specimens. However, greater platelet separation means that similar 
levels o f interfacial bonding in exfoliated materials can provide greater reinforcement 
than an equivalent intercalated specimen. An exfoliated nanocomposite can be produced 
by chemical or mechanical exfoliation mechanisms, discussed in Section 2.7.
Figure 2.9.
2.6.4. E x f o l i a t e d  N a n o c o m p o s i t e s  C h a r a c t e r i s a t i o n
Exfoliation is a term frequently used to describe the desired organoclay morphology in a 
nanocomposite. Although the idealised interpretation o f exfoliation is relatively simple to 
visualise, it is impossible to achieve in reality. Therefore, the term exfoliation usually 
covers a large range o f clay morphologies stretching from idealised exfoliation towards 
an intercalated nanocomposite. It is often assumed that the absence o f an XRD 001 basal 
reflection (Section 2.11) indicates exfoliation; however, this is often not the case when 
clay layer separation extends beyond the range o f XRD testing but maintains an ordered 
structure. It is also common to observe large aggregates o f clay that may contain 
relatively well-exfoliated organoclay but which has large areas o f unfilled polymer (Zerda
Diagrammatic representation o f an exfoliated nanocomposite.
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et al. 2001; Becker et al. 2002). Difficulties in morphological characterisation can be 
improved by introducing different terms for the level o f clay layer separation (exfoliation) 
and the size and distribution o f clay tactoids (dispersion). When combined together these 
two factors can give a much better indication o f clay morphology.
For example, a specimen with a larger clay layer separation than detectable by XRD but 
composed primarily o f clay aggregates, could be described as exfoliated with poor 
dispersion. Conversely, a specimen with detectable clay layer separation by XRD but 
good dispersion, whereby all clay tactoids consist o f around 20 or fewer clay plates that 
are randomly orientated, could be described as intercalated with good dispersion.
2 .7 . E x f o l i a t i o n  o f  O r g a n o c l a y  N a n o c o m p o s i t e s
There are many different methods used for processing nanocomposites and introducing 
organoclay into polymers; however, the causal effect for exfoliation in each case can be 
divided into two categories depending on where the main driving force for exfoliation 
originates. These two categories, chemical and mechanical exfoliation, can occur 
individually or combine to form an exfoliated nanocomposite o f varying quality.
2 .7 .1 . C h e m i c a l  E x f o l i a t i o n
Chemical exfoliation occurs when clay layers are forced apart during cure when intra­
gallery curing occurs faster than in the bulk material. This type o f exfoliation mechanism 
will separate clay layers but will not increase tactoid dispersion and clay layers may 
remain in an ordered arrangement but with greater spacing. There is no mechanism by 
which clay tactoids are broken down, so i f  this type o f exfoliation process is used with 
low shear processing methods then an exfoliated specimen with poor dispersion will be 
formed. This type o f exfoliation mechanism can occur in amine cured epoxy resins with a 
suitable organoclay surfactant.
2.7.2. M e c h a n i c a l  E x f o l i a t i o n
Mechanical exfoliation occurs when materials are processed with high shear forces to 
physically breakdown organoclay particles into small randomly orientated tactoids and 
sometimes shear away individual clay layers. Polymer will enter the clay galleries 
increasing the clay layer separation to a regular distance. I f  suitable materials for 
chemical exfoliation are not present there will be no additional exfoliation during cure 
and the morphology created during processing will be present in the cured polymer. This 
generally consists o f small clusters o f intercalated clay with some fully exfoliated layers.
This exfoliation process will typically occur when a suitable surfactant has been applied 
to the organoclay. The degree o f exfoliation is dependant upon the processing method and
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the shear forces that can be generated. This exfoliation process can be applied to all types 
o f polymer and is used in most thermoplastic nanocomposites in which chemical 
exfoliation processes do not tend to occur. In this situation attaining exfoliation relies on 
thorough mechanical shearing that typically takes place in an extruder and can result in a 
well dispersed organoclay.
When a high quality processing method is used, such as an extrader, clay tactoids can 
contain fewer than 5 clay layers and be randomly distributed, resulting in an exfoliated 
specimen with excellent dispersion. The regular clay spacing in these small tactoids can 
sometimes not be detected by XRD and the specimens are effectively exfoliated, although 
they are not separated further than a typically intercalated nano composite. I f  a processing 
technique is used that generates less shear force the specimens will contain intercalated 
micron sized tactoids that are detectable by XRD and could be described as intercalated 
specimens with a mid-level dispersion.
2 .7.3 . E x f o l i a t i o n  M e c h a n i s m  O f  E p o x y - A m i n e  N a n o c o m p o s i t e s
To create an exfoliated epoxy-amine nanocomposite via a chemical mechanism the 
electrostatic attractive and Van der Waals forces between adjacent clay layers and the 
extra-gallery viscous force from uncured resin must be overcome (Park & Jana 2003a). 
The driving force for exfoliation is generated by the curing o f the polymer itself; when 
polymer cures more quickly between clay layers (intra-gallery curing) than outside in the 
bulk o f the material (extra-gallery curing) the cross-linked polymer molecules exert forces 
on the clay platelets and force them to separate. As the storage modulus o f the cured 
polymer between the clay layers increases the elastic force exerted on the clay layers 
increases (Park & Jana 2003b). Accelerated intra-gallery polymerisation arises from 
surfactant acid catalysation (Section 2.8.2) and polymerisation initiation sites from the 
surfactants and clay layers (Lan et al. 1995). I f  intra-gallery cure generates sufficient 
force to overcome the electrostatic, Van der Waals and viscous forces then adjacent clay 
layers will move apart and will eventually experience no connection to adjacent layers. 
As material is cured between the clay layers more constituent materials are drawn into the 
clay galleries and are subsequently cured. This process will start with the outer most 
layers and progress until all layers have been exfoliated or the extra-gallery viscosity 
becomes too large for continued exfoliation.
The quantity o f clay layer exfoliation that occurs before the bulk polymer gels will 
determine what percentage o f clay layers are separated beyond that o f intercalation. This 
process will be completed in smaller tactoids as they have fewer layers to exfoliate; 
whereas, this process is less likely to be completed in larger tactoids which will thus
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remain partly intercalated. Therefore, the size distribution o f tactoids before curing is 
important and can be improved by high shear processing.
When the rate o f intra-gallery curing does not exceed that outside the clay galleries then 
intercalated specimens will be formed. I f  the rate o f intra-gallery curing is slower than in 
the bulk o f the material then extra-gallery polymer cross-linking will exert forces on the 
outside o f the clay layers and force them closed, a reversal o f the exfoliation mechanism.
2.8 . F a c t o r s  I n f l u e n c i n g  O r g a n o c l a y  E x f o l i a t i o n
There are many factors that can affect the intercalation and exfoliation o f epoxy­
nanocomposites. Many o f these are properties o f the clay and surfactant applied to 
manufacture an organoclay, these factors are discussed below.
2 .8 .1. S u r f a c t a n t  C h a i n  L e n g t h
Surfactant length will alter the exfoliability o f a system for two reasons. Firstly, 
organoclay organophilicity is determined by the density o f organic hydrocarbons between 
the clay galleries, a longer surfactant chain will provide more organic material for 
polymer-surfactant bonding and promote the interaction between the two. Secondly, the 
length o f surfactant chain will determine how wide the clay galleries are opened after 
surfactant exchange and pre-intercalation. The wider the clay galleries are opened the 
easier it will be to pre-intercalate epoxy resin and the more resin can be accommodated.
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Figure 2.10. Diagrammatic representation o f  organoclay air-dried surfactant orientations.
Table 2.2 shows the air-dried basal spacing o f various length surfactant organoclays. The 
monolayer structure o f surfactants with C4, C8 and CIO chains (Figure 2.10) lead to 
similar air-dried basal spacings, similarly the bilayer structures o f C l2, C l6 and C l8 
surfactants (Table 2.2) all have similar spacings (Lan et al. 1995). The spacing o f mono 
and bilayer structures are more dependant on the width o f the hydrocarbon chains than the 
length. However, when higher CEC clays are used the greater surfactant density produces 
a paraffin-lilce structure with even greater air-dried basal spacing that is dependant on 
surfactant length (Figure 2.10).
Once organoclay has been pre-intercalated the polymer will fill the clay galleries and the 
surfactants will orientate to align themselves perpendicular to the platelet surface (Figure 
2.11). Mixing o f resin and organoclay should continue until clay galleries have been
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opened up to the full distance allowable by the length o f the surfactant chain. Therefore, 
longer surfactant chains will increase the distance between clay layers and allow more 
resin to be pre-intercalated, vastly aiding exfoliation.
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Gallery cation Initial cation orientation
Air-dried basal 
spacing ( A )
Epoxy solvated 
basal spacing ( A )
Calculated value
( A )
CH3(CH2)3NH3+ Monolayer 13.5 16.5 19.6
CH3(CH2)7NH3+ Monolayer 13.8 27.2 24.7
CH3(CH2)9NH3+ Monolayer 13.8 30.0 27.2
CH3(CH2)nNH3+ Bilayer 15.6 31.9 29.8
CH3(CH2)15NH3+ Bilayer 17.6 34.1 34.9
CH3(CH2)17NH3+ Bilayer 18.0 36.7 37.4
Table 2.2. Basal spacings of alkyl ammonium exchanged montmorillonite, after (Lan et al. 1995). 
Basal spacing calculated assuming the surfactant adopts a perpendicular orientation relative to the 
clay surface. Structural characteristic spacings: NIff+-montmorillonite=12.8A, CH3 =3.0A and 
increase upon adding one CH2 group=1.27A.
_1_
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Figure 2.11. Diagrammatic representation of surfactant chain orientation after pre-intercalation.
2.8.2. S u r f a c t a n t  F u n c t i o n a l i t y
Primary, secondary, tertiary and quaternary surfactant organoclays are available that can 
have a significant impact on the level o f exfoliation. Primary surfactants have a nitrogen 
atom that is bonded to one carbon, secondary have two carbons attached to the nitrogen, 
tertiary three and quaternary four, as shown in Table 2.3.
Surfactant type Chemical Structure of Organoclay Name of Organoclay
Primary
Secondary
Tertiary
Quaternary
NH3+[(CH2)17CH3] 
NH2+[CH3] [(CFI2)17CH3] 
NH+ 2[CH3] [(CH2)17CH3j 
N+ 3[CH3] [(CH2)17CH3]
octadecyl ammonium 
methyl octadecyl ammonium 
dimethyl octadecyl ammonium 
trimethyl octadecyl ammonium
Table 2.3. Chemical functionality of surfactants.
To produce an exfoliated nanocomposite, by a chemical exfoliation mechanism, the rate 
o f intra-gallery curing must be faster than that o f extra-gallery curing in the bulk o f the 
material, this is achievable with some surfactant types. Primary and secondary surfactant 
organoclays are acidic and can catalyse the polymerisation process (Lan et al. 1995).
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Hydrogen atoms bonded to the nitrogen in the surfactant can disassociate to produce H+ 
ions. This process, known as Bronsted acidity, will occur in different amounts depending 
upon the type o f ammonium present. Primary ammonium ions have three hydrogen atoms 
that can be released to increase the acidity o f the solution. Secondary have two, tertiary 
one and quaternary have none; therefore, the degree o f Bronsted activity that can be 
generated decreases from primary to quaternary surfactants.
This acid catalysation o f the polymerisation process will only occur in close proximity to 
surfactant chains. Therefore, the rate o f polymerisation inside the clay galleries will be 
faster than that o f the extra-gallery curing process in the bulk o f the material.
A  series o f different alkyl ammonium ions o f different functionality were tested by Lan et 
al. (1995) to examine the exfoliability o f epoxy resin using primary, secondary, tertiary 
and quaternary surfactants. After pre-intercalation all specimens had a similar layer 
separation, this was confirmed from XRD results that showed platelet separations 
between 36.2 and 36.9A. Once cured it was clear that only primary and secondary 
organoclays produced exfoliated nanocomposites, while tertiary and quaternary 
specimens produced intercalated specimens.
Acid catalysation can also be generated by other types o f surfactant, not only primary and 
secondary, i f  the required functional groups are present. For example, methyl octadecyl 
bis-2 hydroxy ethyl surfactants {e.g. Cloisite 3 OB) have groups that will provide acidic 
catalysation in a similar way and can generate exfoliated nanocomposites via a chemical 
mechanism.
2.8.3. T y p e  o f  C l a y
The type o f clay used to produce nanocomposites will also affect the resulting 
morphology as varying CEC will cause different surfactant densities to be generated. It 
might be assumed that clays with higher charge densities would generate superior 
exfoliation due to a higher level o f organophilic behaviour. However, it has been 
observed that once a sufficiently organophilic organoclay is formed then increasing 
surfactant density can have a negative impact on exfoliation (Lan et al. 1995). The excess 
surfactant chains take up space between clay platelets that could be occupied by epoxy 
monomer, thus decreasing the overall amount o f pre-intercalated epoxy present before 
curing commences.
The effect o f high CEC clays has been observed with vermiculite and fluorohectorite that 
form intercalated nanocomposites (Lan et al. 1995). These clays have charge densities o f 
200 and 122 (mequiv/lOOg) respectively and they cannot be pre-intercalated with enough
C hapter 2: B ackground  to C om posites and  N anocom posites
24
C hapter 2: B ackground  to C om posites and N anocom posites
epoxy resin to achieve exfoliation. Kommann et al. (2001a) also found that the 
exfoliation o f montmorillonite with a lower CEC (around 94meq/100g) occurred more 
quickly than in montmorillonite with a higher CEC (around 140meq/100g). The 
surfactant network can become too rigid and not allow diffusion o f constituent products 
into the clay galleries to promote intra-gallery curing.
2.8.4. T y p e  o f  C u r i n g  A g e n t
The type o f curing agent used to form a nanocomposite has a significant effect on the type 
o f structure that will be formed. The viscosity o f the curing agent at the specific curing 
temperature used will partly determine the viscosity o f the polymer, influencing extra­
gallery viscosity and the diffusion o f polymer chains thus influencing exfoliation. Curing 
agent chemistry will determine the level o f compatibility with organoclay and i f  acidic 
catalysation will occur, and i f  so to what degree. A  number o f studies investigating the 
influence o f curing agent type have been conducted and found significant difference on 
levels o f exfoliation (Kommann et al. 2001b; Wang et al. 2003). This led to specific 
curing agents, which were found to exfoliate organoclay, being used extensively during 
early nanocomposite research, especially poly(oxyproylene)diamine based curing agents 
(Lin et al. 2003). The type and variety o f curing agents being used has since widened 
leading to a greater combination o f nanocomposite formulations being tested.
2 .9 . M e c h a n i s m s  o f  N a n o c o m p o s i t e  P r o p e r t y  I m p r o v e m e n t
2 .9 .1 . M e c h a n i c a l  P r o p e r t i e s
The mechanical reinforcement o f nanocomposites arises from two mechanisms. Firstly, 
clay layers are able to mechanically reinforce the matrix by stress transfer that is 
delivered through shear at the interface. This is dependant upon a good level o f matrix- 
organoclay bonding to transfer stress and exfoliation, or intercalation, to allow greater 
volumes o f matrix to come into contact with clay platelets. The clay platelets have been 
reported to have high strength (70GPa) and stiffness (176GPa) along their length; 
although they have little strength perpendicular to the layer (Luo et al. 2003). Clay 
particles in clay-filled composite can reinforce the material in the same way as normal 
particulate fillers.
The second mechanism arises from differences in the polymer network that occur near to 
the platelet surface. Bonding between the polymer and clay platelet and surfactant can 
derive changes in the polymer network that alter the levels o f constraint and segmental 
mobility when they are bound to a comparatively large clay platelet. This can result in 
decreased polymer mobility and lead to higher stiffness.
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The reinforcement effect will become more obvious approaching, and above, the polymer 
glass transition temperature. As relative matrix stiffness decreases compared to the clay 
layer the effect o f organoclay will increase. The reverse will be true in high stiffness 
materials as the relative difference between the stiffness o f the matrix and clay reduces.
2.9.2. B a r r i e r  P r o p e r t i e s
The reduction o f nanocomposite permeability is usually described by a traditional model 
that ascribes the difference to increased path length through the composite due to high 
aspect ratio filler (Beall 2000). However, there have been some new models proposed that 
might better describe the mechanism by which the barrier resistance o f a nanocomposite 
might be increased.
2.9.2.I. T r a d it io n a l  B a r r ie r  M o d e l
The traditional barrier model, also known as Neilson’s tortuous path, assumes that the 
clay layers obstructing the path o f ingressing liquids or gasses are totally impermeable. 
Therefore, the high aspect ratio o f clay layers produces an increase in path length through 
a composite that must be taken by a migrating species to negotiate around the clay layers 
(Figure 2.12). This torturous path can be made longer, or shorter, depending on the clay 
loading applied, the clay morphology and the aspect ratio o f the clay layers.
<  g — ■
Pristine polymer Nanocomposite
Figure 2.12. Increased diffusion pathway in the traditional model.
Assuming complete exfoliation the relative reduction in permeability may be calculated 
from the following equation (Beall 2000).
i Rp = Relative permeability
Rp —----  m ----  <tL = Volume fraction o f matrix
i , [ / j * (|)/ = Volume fraction o f filler
2b)  I = Length of filler
b -  Breadth of filler
2.9.2.2. C o n c e pt u a l  B a r r ie r  M o d e l
This traditional model cannot totally explain the resulting reduction in nanocomposite 
permeability. A  new model was proposed by Beall (2000) that accounts more accurately 
for the barrier properties o f a nanocomposite. This model assumes a number o f regions 
around the clay layers that have undergone a change in permeability due to organoclay.
As with the tortuous path model the clay layer has an extremely low permeability and for 
all practical purposes can be assumed to be impermeable. The size o f this impermeable 
region being the same size as the clay platelet. The first region surrounding the clay
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platelet is near the surface and extends 2-3nm from each face. This region, surface 
modified polymer, contains the surfactant chains and results in the area around the clay 
layers having a different permeability from either the clay layer or the pure polymer. The 
second region o f restrained polymer, extends from the edge o f the first region 
approximately 50-100nm away from the surface o f the clay. In this region the polymer is 
altered due to the bonding between the polymer and surfactant, this interaction alters the 
permeability o f the polymer in this region. The third region is that o f the pure polymer 
and extends from the second region.
This model depends on the relative permeability o f these three regions (Figure 2.13), 
typically the permeability will decrease from the third region to the clay layer. The main 
difference from the tortuous path model is the second region that is thought to extend 50- 
lOOnm from the clay layer and can reduce the permeability o f the polymer in that region. 
It is thought that this change in polymer permeability over such a large area causes 
nanocomposites to have a vastly reduced permeability. However, the size o f this region 
will vary between nanocomposite formulations and may not even exist when 
incompatible materials are used that do not attain significant matrix-organoclay bonding.
R e g io n  3 . U n m o d if ie d  p o ly m e r  
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Figure 2.13. Diagrammatic representation o f  the regions in the conceptual model.
2 .10 . P r o c e s s i n g  o f  O r g a n o c l a y  N a n o c o m p o s i t e s
2 .10 .1 . P r o c e s s i n g  o f  T h e r m o p l a s t i c s  N a n o c o m p o s i t e s
The processing o f thermoplastic materials is commonly conducted using extruders in 
which solid pellets are subjected to high temperature and pressure so they can be 
processed into a usable product. Standard thermoplastic extruders, with some small 
alteration in melt temperature and residence time, involve shear forces high enough to 
adequately disperse organoclays to a high quality in a range o f polymers (Liu et al. 1999; 
Krook et al. 2005; Ellis & D'Angelo 2003; Chow et al. 2004; Uribe-Arocha et al. 2003). 
This represents an obvious advantage for thermoplastic nanocomposites; that normal 
processing techniques develop adequate shear forces to fully disperse organoclay. 
However, this is not the case with normal epoxy resin processing where intensive 
techniques are not required and constituent materials are simply stirred together.
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Therefore, additional processing methods involving high shear forces must be used to 
fully disperse organoclay in epoxy resins.
Other methods o f processing thermoplastics such as two roll mills (Gorrasi et al. 2003b), 
melt blending in internal mixers (Lee et al. 2005), mechanical stirrers (Chang et al. 2002) 
and ultrasonics (Menaghetti & Qutubuddin 2006; Wu et al. 2002) often incorporating 
solvents have also been used to good effect. These processes can be applied to liquid 
epoxy resins but often result in inferior morphology.
2.10 .2. P r o c e s s i n g  o f  E p o x y  N a n o c o m p o s i t e s
The processing o f epoxy-nanocomposites has become increasingly intensive as 
techniques have been sought to generate superior organoclay dispersions. Initially, simple 
mechanical stirring into the resin component was used to produce specimens with good 
levels o f clay layer separation that relied more on chemical than mechanical exfoliation 
mechanisms (Massam & Pinnavaia 1998). The use o f low shear processing meant that 
these specimens were frequently aggregated on the macroscale but evidence o f this is 
rarely presented (Zerda et al. 2001; Becker et al. 2002). High shear laboratory blenders 
and mixers were subsequently used that could generate a higher level o f dispersion or 
generate a mechanical exfoliation mechanism when incompatible materials were used that 
could not generate chemical exfoliation mechanisms (Subramaniyan et al. 2003; Ratna et 
al. 2003 a). Introduction o f organoclay into the curing agent component has also been used 
and can offer an advantage when the viscosity o f the curing agent is low and 
stoichiometric ratio sufficiently high (Abot et al. 2003).
The use o f solvents to aid processing has also been found effective. By pre-intercalating 
organoclay in suitable solvents such as acetone (Chen & Curliss 2001) or toluene (Lin et 
al. 2003) the low viscosity and chemical compatibility can be utilised so that epoxy resin 
takes the place o f the solvent once they are mixed and the solvent removed. However, 
high shear processing is still required for good dispersion and the complete removal o f the 
solvent must be ensured so that polymer properties are not impaired
It has become common for ultrasonication to be used to aid the final stages o f dispersion 
and pre-intercalation after some other form o f high shear mixing (Isik et al. 2003; Chen & 
Yang 2002). More recently some researchers have used ultrasonic techniques alone to 
generate high levels o f dispersion and exfoliation (Chowdhury et al. 2006). 
Ultrasonication for extended periods o f time, up to 12 hours in some cases, at higher 
temperature have also been used to good effect (Kim et al. 2004). Some o f these methods 
are clearly not practical to apply in a commercial product and, although effective,
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alternative methods would have to be found to make the processing economic on an 
industrial scale.
Combinations o f the above methods have been used in a limited number o f cases to create 
highly exfoliated nanocomposites. Chen & Tolle (2004) used simultaneous high shear 
mechanical and ultrasonic processing o f organoclay in acetone prior to the addition o f 
epoxy resin; however, this type o f processing requires careful control and was still 
conducted for over 8 hours. By conducting ultrasonic processing in low viscosity solvents 
the cavitation effects become more intense and can result in well exfoliated specimens.
The application o f more powerful and higher shear methods such as impingement mixing 
(Liu et al. 2005a), three-roll mills (Yasmin et al. 2003) and ball milling (Lu et al. 2004) 
have been used to create well-exfoliated and dispersed nanocomposites. These methods 
generate pressures and shear forces comparable to those commonly found within 
extruders that are used during standard processing o f thermoplastic materials.
In contrast to employing methods o f increasingly high shear the customisation o f 
surfactants has also been used to tailor polymer-clay interactions forming materials with 
random exfoliation. Ma et al. (2004) conducted cation exchange o f unmodified 
montmorillonite using a diamine curing agent to generate epoxy molecules directly cross- 
linked to the surfactant and hence the clay surface. This process forms materials with 
strong links between organoclay and polymer instead o f weaker intermolecular bonds 
formed by commercially available organoclays.
2 .1 1 .  X - R a y  D i f f r a c t i o n  A n a l y s i s  o f  N a n o c o m p o s i t e s
X-ray diffraction (XRD) can provide information about organoclay structure within a 
polymer. Utilising Bragg’s law it examines recurring structural dimensions that occur 
through a material. An X-ray beam is directed at a material and the reflected intensity 
occurring at different angles o f incidence are recorded. The XRD instrument records the 
intensity o f received X-rays at varying angles o f incidence between the sample and X-ray 
beam. The recorded variable is 20, twice the incidence angle between the sample and 
beam. This angle, 20, is related to the interlayer spacing within a material by Bragg’s law.
XRD is a useful tool in indicating the level o f exfoliation obtained in nanocomposite 
specimens. However, it can only give an indication o f the structure above values o f 
around 1 20; this corresponds to a distances o f less than 8.83nm and, therefore, cannot 
provide information when layers are separated by more than this distance. This distance is 
further reduced by the high level o f random reflections that occur in the range o f 1-1.5 20, 
this region is usually o f little use as the intensity comes down to its actual value.
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Therefore, XRD cannot be used alone to entirely characterise a nanocomposite; however, 
it is a precise way to analyse the average basal spacing when above 1.5 20. This makes it 
useful for differentiating between intercalated and exfoliated specimens; however, it 
cannot be used to compare different exfoliated specimens. It can also give a false result i f  
an intercalated specimen o f high dispersion is tested. When highly dispersed small 
clusters o f 5-10 clay layers are intercalated there is often no XRD peak; although this type 
o f specimen is actually intercalated the random orientation o f the clusters makes it a 
highly effective nanocomposite and is often described as exfoliated.
2 .1 1 .1 .  S p e c i m e n  C h a r a c t e r i s a t i o n  U s i n g  X R D
Intercalated nanocomposites and air-dried organoclays are easily identified by XRD 
because a peak is detected. The absence o f a peak used to identify exfoliation can look 
similar to clay-filled composites where the small peak usually present can be obscured by 
the epoxy resin. Therefore, a combination o f visual identification and XRD is necessary 
to differentiate the two. Examples o f each are given below with a brief description o f each 
diffractograph.
Pure organoclay displays a clear peak indicating the spacing between clay layers (Figure 
2.14). The width o f the peak indicates how consistent this spacing is, wider peaks indicate 
a larger variation in spacing and narrow peaks indicate a high consistency.
Figure 2.14, Example XRD diffractograph of air-dried organoclay.
The signal occurring due to pure epoxy resin will be present in each XRD diffractograph, 
any change from this shape will be due to organoclay. There are no distinct peaks below 
around 15 20, this is commonly referred to as the absence o f a 001 basal reflection 
indicating no repeating structural characteristics within the scanned region (Figure 2.15). 
Any structure that does not occur frequently enough will not be distinguishable over this 
baseline and will remain undetected.
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Figure 2.15. Example X RD  diffractograph showing no repeating structural characteristics.
The XRD pattern o f UMC composites should display a peak at the same angle as that in 
the UMC before it is used in a composite. As the clay layers have not separated, the 
distance between the layers will remain constant. However, the amorphous nature o f 
epoxy resin creates a high degree o f noise that can obscure the peak o f the UMC layers. 
This makes it hard to detect the presence o f un-intercalated clay in a conventional 
composite. It can be much easier to identify this type o f structure by observing the clarity 
o f the nanocomposite formed. Conventional composites are opaque due to large un­
intercalated clay aggregates disrupting light.
A  well-exfoliated nanocomposite will display the same diffractograph as shown in Figure 
2.15. Due to the random orientation and separation o f clay platelets there is no detectable 
difference between the nanocomposite and the pristine polymer diffractograph. An 
intercalated nanocomposite will display a peak that has moved to the left when compared 
to the air-dried organoclay, indicating an increase in clay layer separation (Figure 2.16). 
The distance it moves indicates the intercalation distance and the breadth indicates the 
variability o f separation distances.
Figure 2.16. Example XRD  diffractograph o f  an intercalated 
nanocomposite compared to air-dried organoclay.
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C h a p t e r  3: 
M a t e r ia l s  a n d  Pr o c e s s in g
3.1. M a t e r i a l s
3.1.1. E p o x y  R e s in s
A  number o f different epoxy resins have been used during this research study, all having 
similar properties (Table 3.1). EPON 828 has been used for the majority o f experimental 
testing, Polypox E403 has been used when a low viscosity resin is required and the others 
have been used where stated.
Product name Manufacturer Epoxy Type EEW1 (g/eq) Viscosity @ 25°C (cPa)
EPON 828 
DER 331 
Polypox E403 
EPON 862 
Carbofibre 
laminating resin
Shell 
DOW 
UPPC AG 
Shell
Exchem
Bis A 
Bis A 
Bis A/F 
Bis F
Bis A
185-192
182-192
185-201
166-177
11000-15000
11000-14000
750-1150
2500-4500
700
Table 3.1. Properties of various epoxy resins gathered from material data 
sheets,1 = Epoxy equivalent weight.
3.1.2. C u r i n g  A g e n t s
3.1.2.X. P o l y p o x  H205
Polypox H205, manufactured by UPPC AG, is a poly(oxypropylene)diamine that has the 
same chemical structure as the Jeffamine series o f curing agents. They contain two 
primary amine molecules either end o f a polyether backbone (Figure 3.1). The structure 
o f poly(oxypropylene)diamine is shown below, the value x indicates the average number 
o f repeating units. Polypox H205 is a low viscosity clear liquid with a pot life o f around 
300 minutes at room temperature.
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n h 2-  c h - c h 2{  o - c h 2-  c h ] - n h 2 
c h 3 c h 3
Figure 3.1. Chemical structure o f Polypox H205, x=2.5 (CAS 9046-10-0).
This curing agent may be cured at room temperature; however, it reacts very slowly and 
takes around 3 days to fully cure. This may be useful in large components to ensure run­
away reactions do not occur or when components cannot be cured under elevated 
temperatures. The curing agent can also be used in conjunction with an accelerator 
(Polypox H276/90) that can be used to replace any percentage o f the original Polypox 
H205 curing agent to accelerate the curing reaction to the required rate. This resin system, 
without accelerator, would not be suitable for on-site fabrication in the civil engineering 
industry due to the long cure cycle. However, when used in conjunction with the 
accelerator a suitable cure cycle could be achieved.
3.1.2 .2 . E t h a c u r e  10 0
Ethacure 100, manufactured by Albemarle Corporation, consists o f two isomers o f diethyl 
toluene diamine (Figure 3.2). It is a low reactivity curing agent and requires high
temperature curing to form a material with a high glass transition temperature.
c h 3 c h 3
h2n^ ^ \ . nh2
O X  J OCH3CHr\^^CH2CH3 CH3CHr\^''CH2CH3 
n h 2
Figure 3.2. Chemical structure of Ethacure 100, 3,5-diethyl toluene 2,4- 
diamine and 3,5-diethyl toluene 2,6-diamine (CAS 68479-98-1).
I
3.1.2 .3 . E x c h e m
Exchem Carbofibe Laminating Resin is a two part formulated epoxy resin designed to 
impregnate fabric reinforcement for upgrading and strengthening concrete structures. It 
has been formulated to provide the required in-service properties and provide ease o f 
application at temperatures ranging from 10 to 30°C. A  glass transition temperature o f 
65°C is specified in manufacturer’s data sheets after cure at 20°C for 5 days. The curing 
agent is a mixture o f two different amine curing agents. It contains tetraethylene 
pentamine (TEPA, CAS 112-57-2) and poly(oxypropylene)diamine (CAS 9046-10-0). 
TEPA is the same as DEH 26 curing agent distributed by Dow. The system is then 
modified with poly(oxypropylene)diamine, the curing agent in Polypox H205.
3.1.2 .4 . D E H  24
DEH 24 (Dow Epoxy Hardener) is a low viscosity, low cost liquid aliphatic polyamine 
curing agent used for a variety o f applications (Figure 3.3). It is composed o f TETA 
(triethylene tetramine,) and is a low temperature curing system with a relatively short pot 
life.
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NH2-CH2CH2-NH-CH2CH2-NH-CH2CH2-NH2 
Figure 3.3. Chemical structure o f DEH 24 (CAS 71124-11-3).
3 .1 .2 .5 . I m i d a z o l e
Curezole 2PHZ-CN manufactured by Shikoku Chemical has been used as an imidazole 
accelerator (Figure 3.4). It is highly viscous at room temperature and requires high 
temperature curing.
N =
Figure 3.4. Chemical structure o f Curezole 2PHZ-CN (CA S 65652-67-7)).
3.I.2.6. DYHARD 50EP
Dyhard 50EP, in combination with UR500 accelerator, is a dicyandiamide (Figure 3.5) 
curing agent-accelerator system that is commonly used for laminating composite 
materials and forming prepregs. It is this type o f resin system that, i f  found to be 
advantageous, organoclays would be applied to as they are already in common use. It 
consists o f a micronised powder in a DGEBA paste that is highly viscous at room 
temperature. It requires high temperature curing and forms a material with a glass 
transition around 160°C after adequate postcure.
r^N
NI
h 2n - C - n h 2
Figure 3.5. Chemical structure o f Dyhard 50EP (CA S 461-58-5).
3 .1 .3 .  C u r i n g  A g e n t  S t o i c h i o m e t r i c  R a t i o s
Epoxy resin and curing agent stoichiometric ratios and accelerator addition percentages 
used are shown in Table 3.2.
Resin Curing agent Stoichiometric 
ratio (by weight)
Curing
cycleName E EW 1 Name AEW 2
D G E B A 187 Polypox H205 63 100:33 A
D G E B A 187 Ethacure 100 44.5 100:24 B
D G E B A 187 Exchem C A 84.1 100:45 C
D G E B A 187 DEH 24 24.3 100:13 D
D G E B A 187 Dyhard 50EP + UR300 A cc3 100:10:3 E
D G E B A 187 Imidazole A cc3 100:5 F
Table 3.2. Epoxy resin and curing agent stoichiometric ratios, 1 = epoxy equivalent weight, 2 = 
amine equivalent weight, 3= an accelerator does not react with exact stoichiometiy and is added at 
a percentage to provide a good rate o f cure.
3 .1 .4 .  S t a n d a r d  C u r i n g  C y c l e s
Standardised curing cycles for each resin system were adopted after analysing the affect 
o f cure rate and curing cycle on clay exfoliation (Section 4.7). High temperature curing 
systems must be cured at a high enough temperature to adequately reduce resin viscosity 
but low enough to extend the gel-time to allow time for clay layer separation.
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Curing cycle Curing agent Cure schedule
A Polypox H205 3h 75°C + 3h 125°C
B Ethacure 100 2h 100°C, lh  130°C + 2h 160°C
C Exchem 24h 30°C + 5h posture at 80°C
D DEH 24 24h 40°C + 5h posture at 80°C
E Dyhard 50EP 5h 80°C
F Imidazole 5h 100°C
Table 3.3. Resin system standard curing cycles (determined after D SC 
experimentation, Section 4.7).
3 .1 .5 .  O r g a n o c l a y s
The properties o f organoclays and unmodified clay (UMC) used during the 
experimentation in this study are listed in Table 3.4. Diagrammatic representations o f the 
surfactants applied to these organoclays can be seen in Figures 3.6-3.8.
Clay Surfactant Brand Name
Dry particle 
size (p)
XRD spacing 
(nm)
Loss on 
ignition (%)
UM C Nanofil 757 8 0.98 3
Octadecyl
Nanofil 848 
Nanomer I.30E
30
8-10
1.79
2.03
25
25
Dimethyl
dioctadecyl
Nanofil 15 25 2.69 35
Dimethyl benzyl 
octadecyl
Nanofil 32 30 1.92 30
Unknown
Nanofil
SE3000 - 3.37 -
Table 3.4. Properties o f  commercial organoclays.
H C H , C H , C H , C H , C H , CH2 C H 2 C H 2 CH3
h - n - c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 Xc h 7  Xc h 2
H
Figure 3.6. Chemical structure o f  octadecyl ammonium surfactant.
CH2 p H j
XN + .c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 C H ,/  \ / \ / \ / \ / \ /  \ /  \ /  \ /  
c h 3 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2
Figure 3.7. Chemical structure o f  dimethyl benzyl octadecyl ammonium surfactant.
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c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 3
/ V  / \ / V  / \ / \ J  \ / \ / \ /
CH3 7 7  c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2
N/ \
CH3 CH, CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2\ / V  / \ / \ / \ / \ / \ / \ / \
c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 3
Figure 3.8. Chemical structure of dimethyl dioctadecyl ammonium surfactant.
3.2. P r o c e s s i n g  M e t h o d s
The following processing methods have been used throughout this study and are referred 
to where necessary.
3 .2 .1 . S t a n d a r d  L o w  Sh e a r  P r o c e s s in g
The required quantity o f base resin and organoclay were weighed into a beaker. This 
mixture was carefully stirred by hand until the clay is dispersed throughout the resin and 
no large deposits remain. The resin-clay mixture was placed in an oven at 90°C until 
uniformly heated. Once removed it was placed onto a hot-plate to maintain this 
temperature and stirred using a turbine paddle for 5 hours at 2000rpm followed by 
complete degassing. I f  room temperature curing agents were to be used then the resin was 
cooled before use. When high temperature curing agents were used the resin was allowed 
to cool until below the initial curing temperature but above ambient to aid removing air 
after stirring in the curing agent. Curing agents were stirred for 2 minutes by hand and 
then degassed until all air is removed. The uncured polymer was then poured into the 
required mould and cured according to the specific curing schedule o f the system.
3.2.2. H i g h  Sh e a r  P r o c e s s in g
Both resin and acetone grinding techniques have been used during this investigation so 
the standardised production methods for both are described below. During initial testing 
small quantities o f resin were manufactured for individual specimens. After a 
standardised processing format was devised larger quantities were manufactured so that a 
master-batch approach could be used.
3.2 .2 .l .  S t a n d a r d  R e s i n  G r i n d i n g  H i g h  S h e a r  P r o c e s s i n g
Around 300g o f base resin and the corresponding quantity o f organoclay were weighed 
into a beaker to create a master batch. This mixture was carefully stirred by hand until the 
clay was dispersed throughout the resin and no large deposits remain. The resin-clay 
mixture was then placed in an oven at 90°C until uniformly heated. It was then placed 
onto a hot-plate to maintain this temperature and stirred using a Cowles dissolver for 4 
hours at 2000rpm. Glass grinding media was then added and stirred using an impeller 
paddle at 2000rpm and 75-80°C for 2 hours. The break down o f primary particles was 
monitored during this period by optical microscopy (Section 4.4) to ensure high quality
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dispersion was achieved. The resin was then placed in an oven at 90°C until hot and 
poured over a coarse wire mesh to filter the glass beads. The resin was degassed and then 
used to produce nanocomposites containing any percentage o f clay, at or below the 
original percentage, by the master-batch approach.
3.2.2.2. S t a n d a r d  A c e t o n e  A s s i s t e d  H i g h  S h e a r  P r o c e s s i n g
A  measured amount o f organoclay was weighed into a beaker that was then mixed with 
acetone so that the beaker was approximately one quarter full. Glass beads were added to 
completely cover this volume o f acetone. This mixture was stirred at room temperature 
with an impeller paddle at 2000rpm for 1 hour. The required amount o f base resin was 
then added so that the correct percentage o f organoclay would be achieved once the 
acetone had been removed. This was stirred in the same way but the temperature was 
slowly raised to increase the rate o f acetone evaporation. This process was continued for 1 
hour following which the mixture was poured over a coarse wire mesh to remove the 
glass beads. The mixture was then placed in a vacuum oven whilst the temperature was 
slowly increased until all acetone had been evaporated. When no mass change occurred 
between subsequent weighing after 1 hour under full vacuum at 100°C the acetone was 
deemed to have been fully removed.
3 .2 .3 . M a s t e r  B a t c h  P r o c e s s i n g
The required amount o f high concentration resin-organoclay mixture was diluted with 
base resin to provide the required volume o f resin-organoclay at the new concentration. 
This was heated to 80°C and stirred using an impeller paddle for 1 hour to ensure that 
organoclay was completely mixed with the additional base resin. This resin-organoclay 
mixture was then processed with the curing agent as described for low shear processed 
specimens to form a nanocomposite.
3.3. S p e c i m e n  P r o d u c t i o n  M e t h o d s
3 .3 .1 .  P o l y m e r  P r o d u c t i o n  M e t h o d s
Two distinct methods have been used to produce polymer specimens. A  variety o f open 
moulds were manufactured and a vacuum assisted resin infusion method was devised to 
manufacture void free specimens with well controlled, uniform, thickness.
3 .3 .1 .1 . O p e n  C a s t  M o u l d s
A  variety o f open moulds were manufactured for the production o f specimens. These 
were used to produce specimens o f varying size and shape for different tests. The moulds 
are shown in Figures 3.9-3.11 with the specimen dimensions they provide.
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S ection  A -A  S ectio n  B -B
Figure 3.9. Aluminium open mould used to produce 150x50mm specimens o f  varying depth, all
dimensions in mm.
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Figure 3.10. PTFE open mould used to produce 65mm long 16mm diameter cylinders, all
dimensions in mm.
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S e c t io n  A -A
Figure 3.11. Aluminum open mould used to produce 125x125mm specimens of varying depth, all
dimensions in mm.
3 .3 .1.2 . V a c u u m  A s s i s t e d  R e s i n  I n f u s i o n
A  method was required to produce void-free thin sheets o f resin with constant thickness. 
This could not be accomplished satisfactorily by pouring into a mould and a new method 
was introduced. Two aluminium plates separated by varying thickness PTFE gaskets (1,
1.5, 3 and 6mm) were bolted together. One hole in each plate at opposing ends allowed 
resin to be drawn through the mould under the action o f around 0.5 bar o f pressure 
(Figure 3.12). One bar was found to expand the resin and cause voids to form when the 
vacuum was released. Tubes were used to connect the mould to the reservoir and vacuum 
pump, these tubes were left in place and secured during curing.
3.3.2. F i b r e -C o m p o s it e  P r o d u c t io n  M e t h o d s
Several different techniques were used to find a method that would achieve a good quality 
composite lay-up. A  critical factor when manufacturing successive lay-ups was to have a 
consistent depth between different specimens. Specimens may have the same number o f 
laminations but a different thickness, resulting in different stresses and moduli being 
calculated even though the apparent strength, which is dominated by the fibres, is the 
same. It is therefore required that all lay-ups can be manufactured so that:
• the depth o f all specimens is constant.
• the depth across individual samples does not vary significantly.
• the lay-ups have consistently low void content.
• no matrix-rich areas are produced.
• no dry lay-ups are produced.
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1 9 0
Figure 3.12. Mould used for vacuum assisted
3 .3 .2 .I. I n i t i a l  L a y -U p  M e t h o d s
A  number o f different lay-up techniques were tested by varying the arrangement and 
application o f plates, release films, glass tows, pressure application, vacuum time and 
cure orientation in a Polypox fibre-composite with 8 layers o f uni-directional E-glass. The 
results o f this trial are described below and in Table 3.5 from the lay-up methods shown 
schematically in Figure 3.13. Lay-up method 6 was initially used for testing due to its 
consistent thickness and low void content.
Lay-up 1: Produced lay-ups that had a large void content and some large wrinkles on the 
surface from the halar. These problems would be reproduced in subsequent lay-ups and 
would cause large inconsistencies between lay-ups as the void contents vary.
Lay-up 2: Produced a lay-up with a good surface finish but a similarly high void content 
as lay-up method 1.
Lay-up 3: This technique produced a very low matrix ratio lay-up, a large quantity o f 
resin had been pressed out by the applied vacuum during cure. The resin was in a liquid 
state for long enough so that a significant amount o f resin was pressed out. This method 
produced much thinner specimens with a higher density due to the low matrix content and 
low void content
Lay-up 4: This method produced good thickness specimens but a high void content, 
demonstrated by the low density.
Lay-up 5: This method created a relatively low void content lay-up but the surface left 
open to the air was not flat and the specimen was relatively thick.
Lay-up 6: This method produced the lay-up with the highest density and therefore lowest 
void content from any o f the eight methods used.
T o vacuum  
pump
T o reservoir
resin
-4L-M. 
3 1 .5
infusion, all dimensions in mm.
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Lay-up 7: Produced a relatively thick laminate but no advantage over method 6 
Lay-up 8: Did not result in a decreased void content when compared to method 7.
Lay-up Method Thickness(mm)
Density1
(Kg/m3)
1 Solid halar, lay-up, solid halar, Al plate, 12Kg weights 2.63±0.04 1755
2 PTFE plate, lay-up, PTFE plate, Solid halar, 12Kg weights 2.78±0.08 1728
3 PTFE plate, lay-up, PTFE plate, Solid halar, vacuum bag 1.87±0.10 1856
4 PTFE plate, blue tack gasket, lay-up, PTFE plate, Solid halar, vacuum bag 2.72±0.04 1667
5 PTFE plate, blue tack gasket, lay-up, open to air 3.16±0.14 1768
6
Solid halar, glass rovings, lay-up, glass rovings, solid halar, 
PTFE plate, pin-prick halar, vacuum bag. 2.44±0.08 1726
7 Solid halar, glass rovings, lay-up, glass rovings, solid halar, PTFE plate, pin-prick halar, vacuum bag, cured vertically. 2.90±0.07 1757
8
Glass rovings, lay-up, glass rovings, pin-prick halar, glass 
rovings, solid halar, PTFE plate, vacuum bag, cured vertically 2.41±0.05 1779
Table 3.5. Composite trial lay-up methods; items listed as applied from bottom to top, in each 
case on top of an aluminium plate. 1=Calculated from a large plate typically 100x80mm.
Following the first series o f interlaminar shear strength tests (ILSS) (Section 6.5.4) using 
lay-up method 6 it was thought necessary to further refine the lay-up process to 
completely remove all voids. Although the level o f voids in lay-ups 1-8 was similar, this 
cannot be said with such confidence about nanocomposite lay-ups due to their lower 
clarity. The higher viscosity caused more air to become trapped as the organoclay loading 
was increased. It was unknown how much this would have affected results so a new 
method was devised to completely remove air voids.
Many o f the basic tools and processes used for lay-up manufacture were revised and an 
entirely new method was devised to ensure no air was trapped within the lay-up. Resin 
was poured onto glass-fibres and spread with a plastic wiper instead o f using a brush to 
add resin. Vacuum bags were not used as these do not always allow air to escape, air was 
removed using a vacuum oven and lay-ups were pressed during cure with a metal plate 
and weights. Following a number o f trials a method was found that produced lay-ups with 
no voids and is described below.
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1 st lay -u p Weights 4 th  la y -u p
V acuum bag —
Figure 3.13. Diagrammatic representation of initial composite lay-up methods 1-6.
3rd la y -u p Breatherblanket
Bottom plate 
To vacuum 6th lay -u p
Bottom plate
Breather To vacuumblanket
6 ply 150x150mm glass fibre
Bottom plate Solid Halar 6 ply 150x150mm glass fibre
3.3.2.2. V o i d - F r e e  L a y - U p  M e t h o d
Lay-ups were conduced directly between two greased metal plates. All resin was applied 
by pouring and spread with a plastic wiper; subsequent sheets were rolled outwards from 
the centre to remove air. Once the final layer had been applied the plate and lay-up were 
placed in a vacuum oven at 50°C for 15 minutes (or low temperature for room 
temperature curing resins). After this time the plate was removed and any remaining air 
bubbles on the surface were wiped to the edges. The top plate was placed in position and 
12Kg o f weights added to consolidate the lay-up during cure.
3.3.2.3. V o i d - F r e e  C o n s t a n t  T h i c k n e s s  L a y -U p  M e t h o d
The addition o f organoclay increased viscosity that resulted in lay-ups produced by the 
void-free method to vary in thickness. This was corrected by using the void-free method 
but in addition placing 2mm metal spacers under each comer o f the top plate to ensure 
that each specimen was produced at this thickness. Additional weights were also placed 
on higher viscosity polymer-organoclay mixtures to ensure that the specimens 
consolidated to the same thickness.
V acuum bag
Pin-prick sheet
PTFE sheet 
Vacuum bag
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C h a p t e r  4: 
Pr o c e s s in g  a n d  M o r p h o l o g ic a l  
D e v e l o p m e n t  o f  N a n o c o m p o s it e s
4.1. I n t r o d u c t i o n
The production o f exfoliated and intercalated nanocomposites with a good level o f 
dispersion has occupied a large section o f this study. Experimentation to uncover the most 
suitable combination o f base resin, curing agent, organoclay surfactant, primary particle 
size, processing temperature and time, processing technique and curing cycle, among 
other factors, has been an important and time consuming processes. This development 
was imperative to allow the testing o f nanocomposites with a high level o f confidence 
that their morphology was as well-exfoliated as could realistically be achieved with the 
processing equipment and materials available. To investigate nanocomposite properties 
without a full understanding o f the factors affecting exfoliation and the types o f materials 
created would not have led to a satisfactory level o f confidence in the results. Conversely, 
the development o f exfoliated nanocomposites could have continued almost indefinitely, 
searching for evermore-effective ways o f attaining an ideally exfoliated structure. The 
areas o f morphological investigation and material property analysis were conducted in 
parallel once satisfactory nanocomposites had been achieved.
A  chronological description o f the resins, organoclays and processes investigated is 
presented to summarise how many o f the conclusions regarding nanocomposite 
production were uncovered. What then follows is a more detailed explanation o f the 
morphology o f many o f the systems investigated, and subsequently used throughout this 
investigation, and how the variables listed above alter the level o f exfoliation achieved.
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4.2. S u m m a r y  O f  M a t e r i a l  a n d  P r o c e s s i n g  I n v e s t i g a t i o n
During the early stages o f this investigation it was attempted to introduce organoclay into 
popular resin systems that are used for composite prepregs so that any resulting 
nanocomposite could be applied to these products. These consisted o f a DGEBF base 
resin that could be used in conjunction with two different curing agents, a dicyandiamide 
curing agent and an imidazole accelerator. The organoclays initially available were 
Nanofil 848, 15, 32 and 757 and many o f the important aspects o f nanocomposite 
production had yet to be fully investigated.
Initial testing was unsuccessful using Dyhard 50EP, all organoclays settled out during 
curing irrespective o f the processing method, time or temperature employed for pre­
intercalation (a detailed explanation is provided in Section 4.3.4.2). UMC would remain 
suspended, due to their smaller particle size, in the resin long enough to cure; however, 
these specimens were clay-filled composites with the UMC not interacting with the 
polymer. Specimens manufactured with the Imidazole accelerator produced fully 
intercalated nanocomposites but could not be exfoliated. Therefore, it was decided to use 
curing agents that had been utilised in the literature to produce exfoliated 
nanocomposites. Ethacure 100 (Becker et al. 2002, 2003b) and Polypox H205 (Wang et 
al. 1996; Pinnavaia et al. 1996; Zerda et al. 2001) were selected as two different and 
workable curing agents that could be used to investigate nanocomposite production 
techniques.
Ethacure 100 (Section 3.1.2.2) and Polypox H205 (Section 3.1.2.1) were used in 
conjunction with DER331 to investigate all organoclays available and produced an array 
o f intercalated (quaternary surfactants), exfoliated (primary surfactants) and clay-filled 
composites (UMC), primarily depending on the organoclay and to some extent the 
processing methods employed. From these experiments the type o f organoclay required to 
produce exfoliation, intercalation and clay-filled composites were established (Section 
4.3.4), the temperature and time required for adequate pre-intercalation o f high and low 
viscosity base resins was determined (Section 4.3.3), and the effect that different 
processing techniques had on the final clay morphology were assessed (Section 4.3.6).
Two room temperature curing civil engineering epoxy resins were used to investigate the 
applicability o f organoclays in these materials. Exchem (Section 3.1.2.3) and DEH 24 
(Section 3.1.2.4) interacted with the different types o f organoclay in a similar way as 
discussed above; however, the high viscosity o f these resins at room temperature hindered 
the diffusion o f polymer chains and increased the extra-gallery viscosity during cure and 
led to a poorer level o f exfoliation than the high temperature curing systems. This could
be improved by using slightly elevated curing cycles which proved beneficial for DEH 
and, to a lesser extent, Exchem.
An experimental organoclay, SE3000, was provided by Slid Chemie to discover i f  it 
would provide a better level o f exfoliation; however, results suggested that it offered no 
advantage over other quaternary surfactant organoclays.
Due to the large primary particle size o f Siid Chemie organoclays a clay rich layer would 
form on the bottom o f all specimens; except those created with Nanofil 757, which have a 
much smaller particle size (Section 4.4.3.4), or when other organoclay specimens were 
cured at room temperature due to the high resin viscosity. Therefore, experiments were 
conducted into the affect o f primary particle size by dry grinding organoclay and 
separating different sized organoclay (Section 4.4.3.3). It was found that the level o f 
exfoliation, as measured by XRD, was not altered but the dispersion o f the organoclay 
was increased greatly as the primary particle size reduced.
A  new source o f organoclay, Nanomer 1.3OE, was acquired with a smaller primary 
particle size and the correct surfactant that would produce exfoliated nanocomposites. 
This organoclay was used to create specimens with a similar level o f exfoliation but a 
better level o f dispersion than those using primary surfactant Siid Chemie organoclays. 
Using the materials and techniques established at this point the standard low shear 
processing technique (Section 3.2.1) was developed and employed in a number o f tests.
After tensile testing o f low shear processed specimens it was suspected that many were 
failing prematurely and that the most probable explanation was due to stress 
concentrations building up around relatively large, and non-uniformly dispersed, particles 
o f organoclay (Section 5.3.3.1). This led to the implementation o f high shear processing 
that could breakdown clay primary particles and generate improved dispersion (Section 
4.4.3.7). A  number o f techniques were tested (Section 4.3.6) and the most effective was 
found to be a vertically stirred grinding media mill. The type o f grinding media, grinding 
speed and processing method were investigated to uncover the best set o f criteria for 
organoclay dispersion without accelerating the breakdown o f the grinding media (Section 
4.3.6.2). Using the techniques established during this series o f tests standard high shear 
processing methods were developed that have been used throughout this study (Section
3.2.2.1).
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4.3. M o r p h o l o g i c a l  I n v e s t i g a t i o n  o f  N a n o c o m p o s i t e s
4 .3 .1 .  I n t r o d u c t i o n
Initially, the most common methods used to assess nanocomposite quality were XRD 
(Section 2.11), visual observation o f nanocomposite transparency, optical microscopy and 
observing organoclay settlement. XRD was extensively used during the initial stages to 
characterise a large number o f different processing methods and curing agent-organoclay 
combinations. Investigation into the curing kinetics o f nanocomposites was conducted to 
help explain differences seen between various organoclays and to uncover the optimum 
curing schedule. Further characterisation was conducted on specific specimens by SEM 
and TEM when the initial characterisation process was complete to provide a detailed 
analysis o f nanocomposite morphology (Section 4.4).
4 .3 .2 . X R D  E x p e r i m e n t a l  P r o c e d u r e
XRD tests were conducted on a Siemens powder X-ray diffractometer, typically from 1.5- 
6 or 1.5-10 20 with steps o f 0.02 20 and a residence time at each step o f at least 8 
seconds.
To ensure that XRD analysis being conducted was sufficiently sensitive to detect the clay 
layers a more detailed analysis was conducted to detect the internal crystallographic 
structure o f the clay layers. Figure 4.1 shows that the internal structure o f clay layers 
registers around 20 20 and that the clay platelets can be detected in this resin using XRD 
analysis. This was conducted with each different curing agent system and in each case the 
test method was sensitive enough to detect the clay layers.
20
Figure 4.1. XRD showing internal crystal structure o f clay layers.
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4 .3 .3 . I n f l u e n c e  O f  E p o x y  R e s i n
High viscosity resins, DER 331, EPON 828 and Epikote 862, require that pre­
intercalation be conducted at elevated temperature. Resin will not penetrate the 
organoclay galleries at room temperature even after long mixing times. However, pre­
intercalation can be achieved above 60°C and will occur quickly and with limited 
processing above 80°C.
The low viscosity o f Polypox E403 allowed organoclay to be pre-intercalated more easily 
than higher viscosity DGEBA or DGEBF resins. However, unless high-shear processing 
was used to reduce primary particle size the relative density o f organoclay particles 
caused them to settle during cure. This could be avoided by using high shear processing 
or using a higher viscosity resin.
The ability o f all resins tested to form nanocomposites is almost identical due to their 
structural similarity (Section 3.1.1). However, due to commercial availability and reduced 
particle settlement the DGEBA resin was used in this study as the standard base resin for 
nanocomposite production.
4 .3 .4 . I n f l u e n c e  o f  C u r i n g  A g e n t  a n d  S u r f a c t a n t  T y p e
4.3.4 .1 I n t r o d u c t i o n
Due to the number o f curing agents and organoclays used in this investigation a large 
number o f different combinations have been tested. This has resulted in a good 
understanding o f the factors influencing the exfoliation o f organoclay in epoxy resins. 
Each resin system tested is evaluated below with reference to various organoclays.
4.3.4.2. D y h a r d  5 0 E P  N a n o c o m p o s i t e s
Dyhard was not used successfully to create exfoliated nanocomposites and intercalation 
was only achieved in certain cases. Most specimens fonned clay-filled composites, the 
clay having settled to the bottom when produced using large particle organoclays or 
evenly distributed when the primary particles were small.
This high level o f incompatibility can be explained when the type and physical 
characteristics o f the curing agent are analysed. Dyhard contains dicyandiamide in the 
form o f a micronized powder in a resin paste. The powder particles are hundreds o f times 
larger in diameter than the distance between the clay galleries; therefore, they will not be 
able to penetrate between the clay layers and polymerise resin that was pre-intercalated 
during processing. Dyhard is a latent heat catalyst and requires heat before the micronized 
powder will become soluble in epoxy resin. Once this temperature is reached the curing 
reaction will start where curing agent is located. This will be exclusively outside the clay
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galleries and the curing reaction will propagate through the bulk o f the resin. As there is 
no curing agent between the clay layers during the initial stages o f cure the extra-gallery 
curing reaction will outpace that between the clay layers and force them together.
In theory, i f  the resin and curing agent are mixed at high temperature, around 80°C, 
before the accelerator is added then the micronized powder will become soluble and begin 
to penetrate the gallery layers. I f  this is allowed to happen there should be enough curing 
agent to allow intra-gallery curing to begin and become competitive. However, this 
creates another problem with respect to the accelerator. The accelerator is also a powder 
and will also not be able to penetrate into the clay galleries, this will prevent infra-gallery 
curing from being accelerated in the same way as discussed for the curing agent. 
Therefore, the accelerator would also need to be added during this mixing stage. This 
theory was tested by pre-intercalating organoclay with resin for 1.5 hours at 80°C, 
followed by 1 hour with the curing agent at 80°C followed by 15 minutes with the 
accelerator at 80°C. Only a short processing time could be allowed after the accelerator 
had been added to prevent cure occurring during processing. This method was used to 
produce intercalated nanocomposites with all organoclays but failed to produce any 
exfoliated specimens. This may be due to additional problems with this specific curing 
agent.
Dicyandiamide does not react with exact stoichiometry, each molecule will typically react 
with 6-7 epoxy groups1. Molecules o f dicyandiamide break down into small functional 
groups that lead to a complicated reaction mechanism. This is different to an amine curing 
agent that forms a regular part o f the cross-linked network and reacts in a stoichiometric 
quantity. The mechanism that forms exfoliated nanocomposites appears not to occur; 
possibly, because the polymerisation reaction is not being accelerated by the acidity o f 
primary surfactants, or the low stoichiometry and complex reaction sequence results in a 
lack o f curing agent between clay layers, in either case removing the mechanism by 
which exfoliated nanocomposites are formed. The low solubility o f dicyandiamide in 
epoxy resins1 will also not help when frying to introduce the curing agent and generate a 
well-mixed and uniform material.
4.3.4.3. I m i d a z o l e  N a n o c o m p o s i t e s
Figure 4.2 shows the XRD diffractograph of imidazole nanocomposites containing 
different types o f organoclay. Every organoclay forms an intercalated structure when 
manufactured with an imidazole accelerator; the curing reaction o f imidazole specimens 
appears not to be accelerated by the acidity o f the primary surfactants (Section 2.8.2) and
1 = Dyhard product catalogue, www.FineChemicals.de/service/dyhard_eng_de.pdf
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does not increase the rate o f intra-gallery curing. The organoclay morphology created is 
the same as that achieved after the pre-intercalation stage is complete; therefore, 
intercalated with a layer spacing o f around 3-3.5nm.
The calculated theoretical intercalation distance o f a Nanofil 15 nanocomposite, for 
example, is 3.74nm (Section 2.8.1), while the experimental results show a separation o f 
3.43nm. This represents reasonable agreement between theoretical and experimental 
results indicating that Nanofil 15 nanocomposites are approaching their maximum 
intercalated distance.
1 2 3 4 5 6
20
Figure 4.2. XRD o f Imidazole nanocomposites containing various organoclays.
4.3.4.4. POLYPOX H205 NANOCOMPOSITES 
N anofil 848
Samples produced with Nanofil 848 appeared visually to be well dispersed, there were no 
visible clay agglomerates and displayed a high degree o f optical clarity indicating 
intercalation or exfoliation. Figure 4.3 shows the XRD diffractograph obtained for this 
type o f specimen, it shows no peak that would indicate a consistent spacing between clay 
platelets. The spectra are like that o f the pristine polymer, indicating that the clay layers 
are fully exfoliated within the resolution o f the XRD analysis.
Nanomer  I.30E
Specimens produced with Nanomer I.30E appear to be well dispersed and display a high 
level o f optical transparency indicating intercalation or exfoliation has been produced 
(Figure 4.4). Figure 4.3 shows the XRD diffractograph of specimens produced with I.30E 
and displays no peak indicating an exfoliated nanocomposite to the extent that XRD can 
detect.
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Figure 4.3. XRD o f Polypox nanocomposites containing primary surfactant organoclays and 
U M C (spectra displaced vertically for clarity).
N anofil 757
Specimens produced with Nanofil 757 (UMC) are opaque indicating clay-filled 
composites have been created (Figure 4.4). They exhibit no peak in the XRD 
diffractograph (Figure 4.3) because the XRD spectra o f the polymer masks the low 
intensity peak o f UMC at the higher 20 values that would show the small layer separation 
present. However, there is a slight difference compared to primary surfactant specimens 
around 7-9 20 indicating some increased intensity in this region due to UMC.
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Figure 4.4. Optical transparency o f  Polypox specimens containing various organoclays.
N anofil 15
Specimens produced with Nanofil 15 appear visually to be well dispersed and display 
optical clarity similar to Nanofil 32 specimens (Figure 4.4). They are more opaque than 
Nanomer I.30E specimens but do allow light to pass through, unlike specimens produced 
with UMC. This suggests a poorer clay layer separation as more light is dispersed by the 
platelets. The XRD diffractograph (Figure 4.5) shows a distinct peak at 3.58nm, 
confirming an intercalated morphology. Intercalated Nanofil 15 nanocomposites have 
been produced with spacings between 3.4-3.7nm that seem to be independent o f 
processing method and duration but will attain this relatively good level o f intercalation 
with less intensive processing.
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In theory, achieving this level o f intercalation should require less processing than that o f 
Nanofil 848 for two reasons. Firstly, the initial air-dried interlayer spacing (2.69nm) is 
larger than Nanofil 848 (1.79nm), the surfactant chains adopt a paraffin like structure 
opening the clay layers wider than the bilayer structure o f Nanofil 848. Secondly, greater 
chemical compatibility due to a higher density o f organic molecules should make it more 
organophilic. It may, therefore, be expected that Nanofil 848 will produce inferior 
nanocomposites; however, even though the pre-intercalation process may take slightly 
longer Nanofil 848 is able to advance beyond this intercalated state to produce exfoliated 
nanocomposites unlike Nanofil 15 with a quaternary surfactant.
The calculated theoretical separation o f clay layers in Nanofil 15 is 3.74nm (Section
2.8.1), and may be expected to be slightly less due to inclination o f one or both o f the 
octadecyl chains. This represents good agreement with experimental results (3.58nm) 
indicating that Nanofil 15 nanocomposites have almost reached their maximum 
intercalated distance.
Figure 4.5. XRD o f Polypox nanocomposites containing quaternary surfactant organoclays. 
N anofil 32
Specimens produced with Nanofil 32 appear visually similar to Nanofil 15 with a 
relatively good level o f optical transparency (Figure 4.4). The XRD diffractograph 
(Figure 4.5) shows a distinct peak at 3.28nm, confirming an intercalated morphology. 
Intercalated Nanofil 32 nanocomposites have been produced with spacings between 3.2- 
3.6nm that seem to be independent o f processing method. However, the pre-intercalation 
stage occurs quickly with this type o f organoclay due to the highly organophilic surfactant 
that contains both a benzene ring and an octadecyl chain. With only one octadecyl chain, 
they should be able to align perpendicular to the clay platelet making the maximum 
intercalated distance the same as the length o f one o f these chains. Using this assumption 
the experimental intercalated distance (3.28nm) is slightly less than might be expected
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(3.74nm). This may be due to the benzene ring obstructing the vertical alignment o f the 
octadecyl chain and resulting in a slight decrease in the maximum intercalated distance.
Nanofil SE
Specimens produced with Nanofil SE appear visually to be the same as Nanofil 15 and 32 
with no large agglomerates and a relatively good level o f transparency. The XRD 
diffractograph (Figure 4.5) shows a distinct peak at 3.53nm, confirming an intercalated 
morphology. Although it is unknown what the surfactant applied to this organoclay is, 
due to the manufacturer’s confidentiality, the intercalated distance is around the same as 
produced with Nanofil 32 and 15 indicating a long chain quaternary surfactant.
A nalysis Of Polypox  Nanocomposites
The Polypox system appears to be well compatible with all types o f organoclay available, 
producing either intercalated or exfoliated nanocomposites as seen from optical 
transparency and XRD. Primary surfactant organoclays form exfoliated nanocomposites 
whereas the quaternary surfactant organoclays produce intercalated nanocomposites. 
UMC forms clay-filled composites when used in conjunction with the Polypox system. 
The duration o f processing, when conducted at sufficient temperature, applied to these 
materials has little impact on the level o f intercalation or exfoliation and is wholly 
dependant upon surfactant type.
4.3.4.5. E t h a c u r e  100 N a n o c o m p o s i t e s
Figures 4.6 and 4.7 show XRD difffractographs o f Ethacure specimens containing 
different organoclays while specimen transparency is shown in Figure 4.8. It can be seen 
in Figure 4.6 that both primary surfactant organoclays, Nanofil 848 and I.30E, display no 
peak in the XRD diffractograph indicating exfoliated specimens to the extent that XRD 
can distinguish. The optical transparency o f I.30E Ethacure nanocomposites is also high 
indicating a good clay layer separation (Figure 4.8).
Figure 4.6. XRD o f  Ethacure nanocomposites containing primary surfactant organoclays and 
UM C (spectra displaced vertically for clarity).
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Figure 4.7 shows the XRD difffractographs o f Ethacure specimens with quaternary 
surfactant organoclays. Each specimen displays a peak at lower angle than the respective 
air-dried organoclay indicating intercalated nanocomposites have been formed. Nanofil 
15 and SE show peaks corresponding to 3.23 and 3.26nm respectively, whereas the 
theoretical separation for Nanofil 15 is 3.74nm indicating a slight increase in clay layer 
separation could be achieved. The separation achieved with Nanofil 32 is slightly less 
than the other quaternary surfactants, possibly due to the benzyl ring obstructing vertical 
alignment o f surfactants as described for Polypox specimens.
1 2  3 4  5 6
20
Figure 4.7. XRD o f Ethacure nanocomposites containing quaternary surfactant organoclays.
Specimens produced with Nanofil 757 (UMC) are opaque (Figure 4.8), indicating a clay- 
filled composite has been created. They exhibit a broad rise around 7-9 20 in the XRD 
diffractograph indicating the clay layer separation o f UMC (Figure 4.6), because the 
polymer masks this low intensity peak it is not distinct.
UMC Nanofil 32 Pristine Nanomer I.30E 
(Clay-filledXIntercalated) Ethacure (Exfoliated)
Figure 4.8. Optical transparency o f  Ethacure nanocomposites with various organoclays.
A nalysis Of Ethacure Nanocomposites
The Ethacure system appears to form almost the same types o f nanocomposites with 
respective organoclays as the Polypox system. Exfoliation is achieved with primary 
surfactant organoclays, intercalation with quaternary surfactant organoclays and clay- 
filled composites with UMC.
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4.3.4.6. E x c h e m  N a n o c o m p o s i t e s
Figure 4.9 shows XRD difffactographs o f Exchem specimens containing different 
organoclays. It can be seen that both primary surfactant organoclays, Nanofil 848 and 
I.30E, display peaks indicating intercalated specimens with Nanofil 848 retaining a closer 
clay spacing. The I.30E specimen displays a feature that appears as a shoulder on the 
XRD diffractograph around 2.1 20, indicating a layer spacing o f 4.2nm that is still 
detectable by XRD but has moved beyond the distance o f the surfactant chain. This 
indicates that the processes required for exfoliation are occurring but have not progressed 
sufficiently to attain complete exfoliation. Less can be judged from the optical 
transparency o f Exchem specimens due to the dark colour o f the base material; however, 
the specimens still remain transparent to light (Figure 4.10).
All Exchem specimens manufactured with quaternary surfactant organoclays display 
peaks at lower angles than the respective air-dried organoclay indicating intercalated 
nanocomposites have been formed. Nanofil 15 and SE show peaks corresponding to 
3.6nm, whereas the theoretical separation for Nanofil 15 is 3.74nm indicating good 
agreement between experimental and theoretical results. Whereas, once again Nanofil 32 
achieves a slightly lower intercalation distance.
Figure 4.9. XRD o f Exchem nanocomposites containing various organoclays.
Specimens produced with Nanofil 757 (UMC) are opaque indicating clay-filled 
composites have been created and exhibit similar XRD spectra as seen in Polypox and 
Ethacure UMC specimens.
A nalysis Of Exchem Nanocomposites
The Exchem system is able to form intercalated nanocomposites with all the types of 
organoclay tested. However, the formation o f exfoliated specimens does not occur readily 
and specimens are often created having a clay layer spacing that has moved beyond the 
intercalated distance o f the surfactant chain but still detectable by XRD. It is once again 
the primary surfactant organoclays that create the specimens o f superior morphology, 
although not as good as those formed with Polypox or Ethacure curing agents; while
54
C hapter 4: P rocessing  and M orphological D evelopm ent o fN an o co m p o site s
quaternary surfactant organoclays consistently produce intercalated specimens. The resin 
viscosity remains high enough during cure so that the driving forces for exfoliation 
(Section 2.7.3) are unable to overcome the greater resin viscosity that is present in this 
room temperature curing system.
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Figure 4.10. Optical transparency o f  Nanomer I.30E Exchem and DEH nanocomposites.
4 .3.4.7. D E H  24 N A N O CO M PO SITE S
Figure 4.11 shows XRD difffractographs o f DEH specimens containing I.30E and Nanofil 
32. It can be seen that exfoliated specimens are produced with the primary surfactant 
organoclay; whereas, intercalated specimens are formed with the quaternary surfactant 
organoclay. Exfoliated specimens display a high degree o f optical transparency (Figure 
4.10), supporting the XRD findings.
Figure 4.11. XRD o f DEH nanocomposites containing different organoclays.
An alysis  O f  D E H  N a n o c o m p o sit e s
The DEH specimens have a level o f exfoliation that is superior to Exchem specimens and 
is similar to the Polypox and Ethacure systems. This system is less reactive and can be 
cured at slightly elevated temperatures reducing viscosity, the curing agent is also far less 
viscous and once added to the base resin reduces the viscosity enough to allow a chemical 
exfoliation mechanism to develop during cure.
4.3.5. A n a l y s is  o f  S u r f a c t a n t  T y p e
The results ffrom these tests suggest that primary surfactant organoclays are capable o f 
producing exfoliated nanocomposites, whereas quaternary surfactant organoclays produce 
intercalated nanocomposites and UMC creates clay-filled composites. The quaternary 
surfactants are sufficiently organophilic to allow good pre-intercalation o f epoxy resin 
between the clay galleries, as fast i f  not faster than the less organophilic primary
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surfactants. However, they have no acidity to accelerate the curing reaction and the final 
clay morphology is the same as that after processing. UM C is hydrophilic and does not 
bond with epoxy resin and stays as a separate phase in the polymer. The resin viscosity 
during cure also plays an important role in determining whether exfoliation can be 
achieved. The high temperature curing Polypox and Ethacure systems have low viscosity 
during cure so that clay layer separation is not prevented from occurring due to this highly 
restrictive force. Whereas, Exchem, and to a lesser degree DEH, have higher viscosities 
that slow down clay layer separation during cure. The non-amine based curing agents 
tested did not produce exfoliated nanocomposites and could only be used to manufacture 
intercalated specimens, which required more intensive processing in some cases.
4.3.6. In f l u e n c e  o f  Pr o c e s s in g  M e t h o d
Many different methods, that have continuously evolved, have been used to process 
organoclays in an attempt to create increasingly exfoliated and dispersed nanocomposites. 
These processes can be separated into two types; those that pre-intercalate organoclay 
with epoxy resin and those that break down clay primary particles to form a well- 
dispersed nanocomposite. Clearly, a process that could accomplish both o f these aspects 
simultaneously would be o f advantage. However, the requirement for high shear 
processing was not initially recognised and resulted in low shear processing being used 
for some time. The different processing methods examined are discussed below with 
regard to their efficiency.
4.3.6.I. L o w  Shear Processes  
Sh ak er
A  shaker was tested but found to be altogether inappropriate. The motion of the shaker 
generated a circular motion in the liquid and no movement in a vertical plane. This 
resulted in organoclay settling to the bottom of the container. In addition, only low 
viscosity resins could be used because no elevated temperature could be used in 
combination with the shaker, making the processing o f high viscosity resins impossible.
O ver h ead  D isso lver
A  Cowles type dissolver is a high-shear processing method that can generate high shear 
forces and break down particles. However, this method has not been used to successfully 
break down primary clay particles (Section 4.4.3.5) and has, therefore, effectively been 
classified as a low-shear process. The failure to develop high shear forces is because the 
rotational tip-speed o f the dissolver must be very high. It is recommended by Southern 
Clay2 that a tip-speed o f around 20ms"1 is appropriate to develop adequately high shear
= Nanoclay FAQ, www.nanoclay.com/faqs.asp
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forces to disperse organoclay. Therefore, using the 60mm diameter dissolver available the 
rate of rotation must be in the region o f 6000rpm. This speed is well beyond most 
conventional laboratory overhead stirrers and the maximum speed available was 
2000rpm, equivalent to a tip-speed o f 6.3ms"1. This processing method has been used 
during the production o f high shear processed nanocomposites but only in the first part o f 
a two-stage process in which it is used to pre-intercalate the organoclay and aid in particle 
break down where possible. It is capable o f processing large volumes and creates a good 
vortex with intensive mixing
O ver h ead  T urbine  Pad d le
Turbine impellers were used extensively during initial testing o f low shear processed 
nanocomposites. They create a good vortex but are only suitable for smaller volumes of 
resin and provide very little shear force.
O ver h ead  Im p e lle r  Pad d le
Impeller paddles offer a similar level o f performance as turbine paddles; generating low 
shear forces while generating a good vortex. However, due to the lack o f encasement they 
can process larger volumes as movement is generated in the horizontal direction, whereas 
the turbine paddles generates movement primarily in the vertical plane. They can also be 
used in conjunction with grinding media to agitate the media and generate a suitable 
grinding rate.
M a g n et ic  Stir rer
Magnetic type stirrers were initially tested but found not to posses the required power to 
stir the types of high viscosity epoxy resins used unless conducted at very high 
temperatures. The stirrer bar* would often become stuck and fail to rotate consistently. 
This method of stirring generates a good vortex resulting in a good degree of mixing 
when used in low viscosity liquids but is generally not well suited to polymer processing.
So lv e n t  A ssisted Pr ocessing
Solvent assisted processing was tested to determine whether it would result in any 
advantages in processing rate or nanocomposite quality. Organoclay was mixed with 
acetone in a ratio of 5g organoclay to 50ml acetone and stirred for 30 minutes by turbine 
paddle. The correct amount of base resin was then added to generate the desired 
organoclay concentration. This was then continuously stirred for 2 hours while the 
temperature was slowly raised to increase the rate o f acetone evaporation. Any remaining 
acetone was then removed in a vacuum oven and specimens were then processed as 
normal. This method o f processing resulted in a similar clay morphology as other low- 
shear processes. Although the acetone pre-intercalated the clay almost immediately when
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mixed, the clay layers were not separated any further than when pre-intercalated with 
base resin and without the time consuming processes of insuring complete acetone 
removal.
4.3.6.2. H ig h  Sh ea r  Processes
High shear processing was implemented after it was observed that primary clay particles 
were not being broken down and specimens with resin rich areas were being created 
(Section 4.4.3.4). The methods tested that successfully broke down the primary particles 
are shown below. Although an important step in the production o f a uniform 
nanocomposite, the use of high shear techniques will influence the macroscale dispersion 
of clay primary particles more than the nanoscale clay layer separation. This results in 
little difference being observed when specimens processed with high-shear techniques 
were analysed by XRD.
U ltr a so n ic  M ix in g
Although frequently used in published literature (Isilc et al. 2003; Chowdhury et al. 2006; 
Kim et al. 2004) the use o f ultrasonic processing was not found to produce specimens o f a 
superior quality than that of other high shear techniques. Ultrasonics was found to be very 
effective at pre-intercalating organoclay around the tip o f the ultrasonic probe but resulted 
in only a slow rate o f clay particle break down (Section 4.4.3.5). The mixture still needs 
to be stirred by another method, or alternatively the processing is stopped and stirred by 
hand, to ensure all material passes by the probe tip. The temperature rises to around 
120°C after only 10 minutes o f ultrasonication when on high power. This requires that 
material is continuously cooled in an ice bath, processing is stopped, or phased, to allow 
cooling to take place or low viscosity resins are used that will reduce the rate of 
temperature increase.
Sonication o f organoclays while in an organic solvent was also conducted to ascertain 
whether the lower viscosity would result in clay particles breaking apart more easily. The 
shear forces generated during sonication are developed due to cavitations in the liquid. 
The strength o f cavitation is controlled by the surface tension, viscosity and density o f the 
liquid. Organic solvents, such as acetone, have much lower surface tension and viscosity 
but a slightly lower density. This should lead to an overall increase in cavitation strength 
and develop higher shear forces during sonication o f organoclay. However, the sonication 
of organoclay in acetone failed to break down the clay primary particles to a greater 
extent than other processes.
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V e r t ic a l l y  Stirred  G r in d in g  M e d ia  M il l  (G M M )
GM M  has been used successfully in a combination o f ways in the production o f 
nanocomposites. The rate o f clay particle break down is far greater than any other method 
tested (Section 4.4.3.7). Both glass and stainless steel grinding media have been used to 
produce nanocomposites and mechanical properties o f these experiments can be seen in 
Section 5.3.3. The efficiency o f any grinding process is governed by a large number of 
factors such as viscosity, original and objective particle size, size and density o f grinding 
media and the type and speed o f agitation. Factors that can be controlled were varied to 
find the optimum rate and quality o f grinding.
The viscosity o f the liquid and the density of the grinding media are crucial to efficient 
grinding. The density of the grinding media must be high enough so that they can move 
through the liquid. If low density media, or highly viscous liquids, are used the media 
cannot move freely and impact upon one another. This was observed with glass media at 
room temperature, the glass beads moved around the resin but were not forced together or 
against the chamber walls. Therefore, the viscosity of the resin must be reduced to allow 
grinding to take place. It was found that temperature during the grinding process was 
required to be around 85-90°C to reduce the viscosity sufficiently to attain good 
movement when using glass grinding media. This temperature was slightly lower when 
using higher density steel grinding media.
Two different types of agitator were tested, an impeller and a paddle with four prongs. 
The movement generated by the paddle was insufficient to move all the material in the 
chamber, certain areas were agitated but other areas remained unaffected. The impeller 
created a good vortex with two main impaction points, the centre of the vortex and 
against the chamber wall after leaving the impeller. This impeller was found to efficiently 
mix all materials in the chamber and rapidly reduce particle size.
Glass and steel, 2 and 1.6mm diameter respectively, grinding media were tested to 
evaluate the effect o f density on grinding rate. The steel grinding media achieved similar 
results in less time due to a higher density and smaller diameter. However, problems were 
encountered due to a discolouration o f the resin due to small metal particles from the steel 
media (Section 5.3.3.3). Therefore, glass grinding media was used at a slightly higher 
temperature and for a longer period o f time than the steel equivalent to compensate for a 
lower density and slightly larger diameter.
4.3.7. In f l u e n c e  o f  St o ic h io m e t r ic  R a t io
The influence of curing agent stoichiometry was investigated in an attempt to control the 
rate o f cure without altering cure temperature, thus maintaining the same viscosity. It was
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suspected that exfoliation level might be increased by controlling the ratio o f amine to 
epoxide groups causing an increase in the rate o f intra-gallery curing compared to the 
bulk material. By reducing the ratio o f amine groups the overall rate of reaction will be 
decreased, thus giving more time for the accelerated curing between the clay galleries to 
occur and increase the level o f exfoliation. These factors were tested by controlling the 
stoichiometric ratio o f curing agent in Ethacure 100 nanocomposites and observing 
changes in solvent permeability. The results and analysis are reported in Section 7b.4, in 
which it is found that a slight reduction in stoichiometric ratio, 1:0.9-0.95 of 
stoichiometric, resulted in an increased level o f exfoliation.
4.3.8. INFLUENCE OF CURE TEMPERATURE
The influence of cure cycle is discussed in detail in Section 4.7. Until a certain level 
higher cure temperatures lead to improved exfoliation due to reduced viscosity and 
superior reaction rates. However, above this temperature the viscosity reduction is not 
sufficiently improved to counterbalance the reduced gel-time in which exfoliation can 
occur. Figure 4.12 shows the XRD diffractograph o f 5% I.30E Polypox specimens cured 
at 75 and 100°C, it can be seen that the specimen cured at 100°C shows a more 
intercalated morphology due to the rapid cure time preventing complete exfoliation. 
Balancing the time and temperature required for exfoliation is difficult to judge and 
specimens have been isothermally tested using DSC (Section 4.7) to check that the curing 
reaction o f nanocomposite specimens are sufficiently accelerated and that they do not 
cured too quickly.
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Figure 4.12. XRD showing the influence of cure temperature on 5% I.30E Polypox
nanocomposites.
4.3.9. D isc u ssio n  a n d  C o n c l u s io n s  o f  P r o c e ssin g  In v e s t ig a t io n
It can be seen from the above testing that the formation of an exfoliated nanocomposite 
relies more on the inherent chemistry o f a particular combination of materials than the 
processing methods. Providing an organoclay is sufficiently pre-intercalated then the level 
of exfoliation will depend mainly on the organoclay surfactant and type of curing agent. 
Whereby, exfoliation can usually be attained with primary surfactants in combination 
with liquid amine curing agents in a low viscosity system or cured at high temperature.
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Pre-intercalation can be achieved with sufficiently organophilic clays when conducted 
using low shear mixing devices at high temperature for adequate time periods. A  more 
uniform nanocomposite, towards that o f idealised exfoliation, can be achieved when high 
shear processes are used to break-down clay primary particles. Intercalated 
nanocomposites can then be produced in systems whereby curing occurs at a near uniform 
rate throughout the material. This is usually achieved using liquid curing agents that are 
not accelerated by surfactant acidity or when organoclays that do not develop acidity are 
used. These materials then capture the morphology o f the clay platelets after pre­
intercalation.
However, exfoliated specimens will only be created if the correct combination of 
materials are used. Once these conditions have been understood it allows for a more 
accurate prediction o f combinations of material that might produce exfoliated 
nanocomposites.
4.4. M ic r o s c o p y  A n a l y s is  o f  N a n o c o m p o s it e s
4.4.1. INTRODUCTION
Microscopy is crucial to uncover the clay morphology of a particular system. It is used to 
study dispersion on the macroscale down to individual clay layer separation and 
orientation. It is considered to be more reliable than XRD which only gives an overall 
indication of clay layer separation, requires interpretation, is heavily dependant upon 
testing criteria and cannot detect clay layer separations above 5nm. Therefore, optical 
microscopy (OM), scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) have been used to observe different aspects o f nanocomposite 
structure.
Ideally exfoliated nanocomposites have a uniform distribution o f well-separated clay 
layers. If this occurs then there will be no clay particles visible using either OM or SEM. 
Well processed thermoplastic materials have come the closest to achieving this goal (Xu 
et al. 2006). As yet there has been little published evidence o f this state being achieved in 
epoxy resins over an entire specimen, although this state has been achieved in localised 
areas (Chen &  Tolle 2004). In most cases there exists concentrations of clay particles that 
have been exfoliated or intercalated, with smaller clay clusters in the surrounding resin 
that come closer to the idealised exfoliated state. The smaller clay clusters can become 
fully exfoliated because their movement during cure is not restricted by surrounding clay 
layers. Whereas, in larger particles the outer clay layers can be exfoliated but the 
movement o f inner layers is restricted.
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4.4.2. M ic r o s c o p y  Sa m p l e  P r e p a r a t io n
4.4.2.1. O M  AND SEM SAMPLE PREPARATION
Specimens were encapsulated in transparent Epofix epoxy resin to hold the specimens 
during polishing. Specimens were successively polished using 500, 1200, 2000 and 4000 
grit silicon carbide paper and 3, 1 and 0.25pm diamond polishing media. Specimens for 
SEM then received a lOnm thick gold coating to form an electrically conductive surface.
4.4.2.2. TEM  SAMPLE PREPARATION
Ultra-thin specimens (150-250nm) were made using a Reichert OM  E3 ultramicrotome at 
room temperature. Cuts were made from 1mm thick sheets using a cutting angle of 0° and 
knife inclination of 8°. Glass knives with a 45° cutting edge were made using a Leica 
knife maker. Specimens were dry harvested from the knife block onto 3mm 200M copper 
grids. It was found that specimens of sufficient quality to be observed accurately using 
TEM appeared glass like when viewed using OM, whereas the majority o f specimens 
were unsuitable and appeared more opaque with a rougher surface. Specimens were 
examined using a Philips CM200 at 2001cV in bright-field mode.
4.4.3. Op t ic a l  M ic r o s c o p y  o f  N a n o c o m p o s it e s
4.4.3.1. Intr o d uc tio n
Optical microscopy has been used extensively throughout this project during specimen 
manufacture, and after production, to assess nanocomposite dispersion quality. The break 
down of primary clay particles to tactoids and finely dispersed groups o f platelets has 
been shown to be o f crucial importance when producing nanocomposites (Section 5.3.3). 
Frequent specimen sampling was employed during manufacture to monitor the rate and 
quality of pre-intercalation and particle dispersion during processing.
4.4.3.2. Pre-In t e r c a la t io n
Figure 4.13 shows a specimen that has undergone insufficient processing to fully pre­
intercalate all organoclay. Large dark non-uniform areas are un-intercalated organoclay, 
whereas the smaller semi-translucent areas are intercalated organoclay. This specimen 
was taken during processing and subsequently has air bubbles that appear as circles with a 
hole in the centre.
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Figure 4.13. Optical micrograph showing areas of 
intercalated and un-intercalated Nanofil 848 in DER331.
4.4.3.3. Dry  G r ind ing
The first method employed to reduce primary particle size was dry grinding. The affect 
this has on particle size distribution is shown in Figures 4.14 and 4.15.
Figure 4.14. Optical micrograph showing Figure 4.15. Optical micrograph showing
the size distribution of Nanofil 848 in the size distribution of Nanofil 848 in
DER331. DER331 after dry grinding.
4.4.3.4. O r g a n o c l a y  Pa r t ic le  Size  C om parison
Figures 4.16a-c show the primary particle size distribution of Nanomer I.30E, Nanofil 
848 and UMC. In each case the actual size o f the primary particles is larger than that 
stated by the manufacturer (Section 3.1.5). Nanofil 848 has some particles as large as 
100pm with an average size around 30-40pm. Nanomer I.30E has some particles around 
30pm with the average around 15-20pm. Nanofil 757 has the smallest primary particles 
with an average around 10pm. The organoclay dispersion is clearly far from ideal with 
large clay clusters and regions of unfilled polymer.
4.4.3.5. A ltern ative  Processing  M ethods
Figure 4.17a shows an optical micrograph taken after 6 hours of processing I.30E with a 
Cowles type dissolver at 2000rpm and 90°C. There appears to be little difference between 
the clay particles in this and the low shear processed equivalent shown in Figure 4.16a.
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Figure 4.16c.
Figure 4.17b shows an optical micrograph taken after full pre-intercalation of I.30E and 
30 minutes sonication at 200W. There appears to be little difference between this and the 
low shear processed equivalent (Figure 4.16a). The sonication of clays in high viscosity 
resins appears to have little effect after 30 minutes. Extended testing could be conducted 
to ascertain whether sonication can break down the primary particles; however, sonication 
failed to accomplish this quicker than other methods.
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Figure 4.17a Figure 4.17b
Figure 4.17a and b. Optical micrographs showing particle size distribution of 5% I.30E in 
DER331 after (a) 6 hours dissolver processing at 90°C and (b) 30 minutes sonication at
200W.
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4.4.3.6. O rg a n o c la y  P a r t ic le  Size Reduction  
Resin  G rind ing
Optical micrographs taken after various time intervals are shown, Figures 4.18a-f, to 
demonstrate the rate and efficiency o f particle breakdown using the resin grinding process 
(Section 3.2.2.1).
Figure 4.18a. Figure 4.18b.
Figure 4 .18e. Figure 4.18f.
Figures 4.18a-f. Optical micrographs of 5% I.30E in DER331 after low shear pre­
intercalation for 5 hours at 80°C and (a) 0, (b) 0.5, (c) 1, (d) 1.5, (e) 2 and (f) 4 hours 
resin grinding with 2mm glass beads at 90°C and 2000rpm.
The original primary particles of 10-30pm are broken down with some larger particles
still around 10pm but with the majority smaller than 5pm. There appears to be little
improvement in particle size after 2 hours indicating that the majority o f particle size
reduction occurs during the initial stages and continued grinding has little further effect.
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Therefore, two hours of grinding was deemed the optimum duration for achieving 
adequate particle size reduction with the resin, grinding media, temperature and 
processing speed used. However, the presence o f visible clay tactoids still means that a 
uniform nanocomposite has not been created and other methods need to be employed for 
this to be achieved.
A ceto ne  G r ind ing
Figures 4.19a-d show the particle size distribution of organoclay after acetone grinding 
(Section 3.2.2.2). Clay tactoid size and distribution is improved than when processed by 
resin grinding. Processing in acetone is able to produce a more uniform nanocomposite, 
the lower viscosity allows a superior rate and ultimate particle size to be achieved.
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Figure 4.19c. Figure 4.19d.
Figures 4.19a-d. Optical micrographs of I.30E Ethacure nanocomposites 
manufactured from a master batch after acetone grinding for 2 hours at 750rpm 
containing (a) 0.5%, (b) 3%, (c) 5% and (d) 10% organoclay.
4.4.3.7. C o m pariso n  of  G r ind ing  M ethods
Figures 4.20a-c show Ethacure nanocomposite specimens manufactured by three different 
processing methods. Low shear processing (Figure 4.20c) displays the least uniform 
morphology revealed by large areas o f light and dark material occurring from large 
organoclay particles. However, due to the exfoliation process that occurs during cure the 
tactoids can be seen far less clearly and with a less defined outline than in uncured 
specimens shown in Figures 4.16a and 4.18a. Figures 4.20a and 4.20b appear to be more
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uniform indicating a far better dispersion for specimens processed with high shear. 
However, Figure 4.20b displays the best dispersion and appears highly uniform with few 
visible particles; therefore, the acetone grinding processing method is believed to generate 
superior organoclay dispersion.
Figure 4.20a. Figure 4.20b.
Figures 4.20a-c. Optical micrographs of 
5% I.30E Ethacure nanocomposites 
manufactured by (a) high shear resin 
grinding, (b) high shear acetone grinding 
and, (c) low shear processing.
Figure 4.20c.
4 . 4 . 4 .  S E M  o f  N a n o c o m p o s it e s
4.4.4.1. Intro ductio n
Optical microscopy is unable to give an accurate picture o f organoclay dispersion when 
particle size is lower than around 5pm. SEM has been used to increase the level of 
magnification, and sensitivity, that can be employed to view nanocomposite specimens.
4.4.4.2. Low  Shear  Processed  N anocom posites
UM C particles in Figures 4.21a and b can be seen easily; they are well defined and appear 
much lighter than the surrounding resin. Organoclay particles in Figures 4.22a and b are, 
by contrast, less defined, much darker and appear closer to the colour o f the surrounding 
resin. The intercalation of resin between the clay layers has caused them to become less 
easily distinguishable in the epoxy matrix.
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Figure 4.21a. SEM of 5% UMC Ethacure Figure 4.21b. SEM of 5% UMC Ethacure
specimen processed with low shear (x500). specimen processed with low shear (xlOOO).
The area covered by organoclay is significantly greater than that o f UM C, swelling o f the 
clay layers causes the same clay loading to cover a much larger area; however, the areas 
may not be wholly representative of an entire sample. In the low shear processed 
specimens there are significant areas o f unfilled resin due to large primary clay particles 
generating poor dispersion.
Figure 4.22a. SEM of 5% I.30E Ethacure Figure 4.22b. SEM of 5% I.30E Ethacure 
processed with low shear (x500). processed with low shear (xl 000).
4.4.4.3. H igh  Shear  Processed  N anocom posites
Figures 4.23a and b show Ethacure specimens produced using acetone grinding 
techniques, the particle size distribution is similar to that achieved in other resin systems 
with the same organoclay. The size and distribution of organoclay is far superior to that 
seen in low shear processed specimens. There exist some larger particles around 5-8pm 
but most o f the specimen has a well-dispersed fine covering o f organoclay.
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Figure 4.23a. SEM of 5% I.30E Ethacure Figure 4.23b. SEM of 5% I.30E Ethacure 
specimen processed by standard acetone specimen processed by standard acetone 
grinding technique (x500). grinding technique (xlOOO).
Figures 4.24a and b show organoclay size and dispersion achieved in intercalated Nanofil 
32 nanocomposites. The dispersion quality in this specimen appears slightly superior to 
that achieved in exfoliated specimens shown above. The higher level surfactant-resin 
compatibility enables Nanofil 32 particles to break apart into small tactoids more easily; 
however, it does not posses any surfactant acidity to generate exfoliation. A  higher quality 
nanocomposite could be created with the level o f organophilic behaviour o f Nanofil 32 
with the accelerated intra-gallery curing achieved with primary surfactant organoclays. 
This is available in organoclays such as Cloisite 30B, produced by Southern Clay, which 
is a quaternary surfactant but contains functional groups that generate the required acidity. 
Alternatively, if sufficiently high shearing rates could be achieved this type of organoclay 
would undergo a mechanical exfoliation mechanism more readily than that of I.30E due 
to its superior compatibility.
Figure 24a. SEM of 5% Nanofil 32 Ethacure Figure 24b. SEM of 5% Nanofil 32 Ethacure 
processed by standard acetone grinding processed by standard acetone grinding
(x500). (xlOOO).
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4.4.5. T E M  of  N a n o c o m p o s it e s
4.4.5.1. Intro ductio n
TEM was used to investigate the nanoscale morphology and particle size of the smallest 
clay tactoids; this cannot be achieved with any other method. Visual identification of the 
actual clay layer separation can be used to verify XRD measurements and in many 
instances correct misleading test results. While it remains the only way to establish the 
clay layer separation and morphology of specimens observed as exfoliated by XRD. 
Different types of morphology observed are shown with representative samples from a 
variety of specimens.
4.4.5.2. Low  M ag n if ic a t io n  TEM
Small primary particles that remain after processing can be seen in low magnification 
TEM images. Although larger particles can be seen in lower magnification SEM and OM  
images, these large particles are less abundant and are often made up o f a number of 
smaller particles. Figures 4.25a and b show typical examples of clay particles from an 
intercalated and exfoliated system respectively. Particles of this size are often found in all 
types o f nanocomposite whether detected as intercalated or exfoliated by XRD. It can be 
seen that the intercalated particle has a well defined structure with obvious boundaries; 
whereas, the exfoliated particle is less well defined, appears less dense and has dispersed 
platelets around the edges.
Figure 4.25a. TEM of a clay particle in Figure 4.25b. TEM of a clay particle in an 
an intercalated system, 5% AG Nanofil exfoliated system, 5% AG I.30E Ethacure 
32 Ethacure specimen (scale bar 0.5pm). specimen (scale bar 0.2pm).
4.4.5.3. Interc alated  M o r ph o lo g y
Figures 4.26a-c show representative examples of intercalated clay morphologies. This 
type of structure is present in all specimens generated with quaternary surfactant 
organoclays and in larger particles within exfoliated specimens. Figure 4.26c displays 
greater clay layer separations at the edge o f the tactoid that appear to decrease toward the
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centre. These clay layer spacings are small and difficult to judge; however, evidence from 
XRD can be relied upon more heavily in intercalated specimens. XRD  recorded 
separation distances o f  around 3.5nm for these specimens, which appears to be reasonable 
when compared to these images.
Figure 4.26a. Figure 4.26b.
Figures 4.26a-c. TEM of intercalated clay 
morphology, (a) 5% AG Nanofil 32 Polypox 
(scale bar 50nm, x75k), (b) 5% AG Nanofil 
32 Ethacure (scale bar 50nm, x75k) and (c) 
5% AG I.30E Ethacure (scale bar 20nm, 
xl 15k).
Figure 4.26c.
4.4.5.4. M ixed M o r ph o lo g y
It is common for small clay particles in an exfoliated system to exhibit both an 
intercalated and exfoliated morphology. This situation can arise when the exfoliation 
process stops due to increased resin viscosity before full exfoliation o f  a tactoid can 
occur, leaving some exfoliated and some intercalated platelets. Figures 4.27a-c show 
typical examples o f  this type o f  morphology, which commonly occurs in specimens 
judged as exfoliated by XRD. Maximum clay layer separations can be seen at around 
lOnm, reducing as the layers approach the intercalated particle.
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Figure 4.27a.
Figures 4.27a-c. TEM o f intercalated and 
exfoliated morphologies due to incomplete 
exfoliation, (a) 5% AG I.30E Pox (scale bar 
50nm, x75k), (b) 5% AG I.30E Ethacure 
(scale bar 20nm, xl 15k) and (c) 5% AG 
I.30E Ethacure (scale bar 50nm, x75k).
Figure 4.27c.
It is also common for exfoliated and intercalated morphologies to occur side by side when 
intercalated clay particles are surrounded by exfoliated clay clusters or platelets. This duel 
morphology in the same area is seen throughout exfoliated specimens, examples o f which 
are shown in Figures 4.28a and b.
Figure 4.28a and b. TEM o f intercalated clusters and exfoliated clay layers, (a) 5% AG I.30E 
Polypox (scale bar 50nm, x75k) and (b) 5% AG I.30E Ethacure (scale bar 50nm, x75k).
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4.4.5.5. Exfo liated  M o r ph o lo g y
Exfoliated organoclay can, for ease o f  classification, be divided into three categories; 
those with well-separated but ordered layers (disordered intercalation), well-separated 
disordered layers and small exfoliated clusters. The differences can be small and 
subjective but examples will be given for each to display the different clay morphologies. 
Examples o f  well-separated but ordered clay layers are shown in Figures 4.29a and b. 
Clay layer spacing is consistently around 8-1 Onm, beyond that detectable by XRD, but the 
majority o f  clay layers remain in a parallel arrangement.
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Figure 4.29a and b. TEM of well separated ordered clay layers, (a) 5%AG I.30E Ethacure 
(scale bar 20nm, xl 15k) and (b) 5%AG I.30E Ethacure (scale bar 50nm, x75k).
Examples o f  well-separated disordered clay layers are shown in Figures 4.30a-c. Clay 
layer spacing varies between 10-20nm in most areas o f  the specimen and the clay layers 
display a more disorderly structure.
Figure 4.30a. Figure 4.30b.
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Figure 4.30a, b and c. TEM of well 
separated disordered clay layers, (a) 5%AG 
I.30E Ethacure (scale bar 50nm, x75k), (b) 
5%AG I.30E Pox (scale bar 50nm, x75k) 
and (c) 5%AG I.30E Ethacure (scale bar 
50nm, x75k).
Small clusters o f  clay tend to be more easily exfoliated than larger tactoids because each 
layer has time to completely exfoliate before the gel point is reach. Figures 4.31a and b 
show typical exfoliated clay clusters with clay layer spacing around lOnm. A  system in 
which all organoclay could be reduced to the size o f  these clusters before curing would 
generate a high quality nanocomposite. This is the aim for any epoxy nanocomposite and 
would produce a highly uniform nanocomposite.
Figures 4.31a and b. TEM of small exfoliated clusters, (a) 5%AG I.30E Ethacure (scale bar 
50nm, x75k) and (b) 5%AG I.30E Pox (scale bar 50nm, x75k).
4.4.6. D iscussio n  a n d  C o n c l u s io n s  o f  M ic r o s c o p y  A n a l y s is
The use o f  different types o f  microscopy has been shown to provide a good understanding 
o f  the micro and nanoscale morphology o f  the nanocomposites manufactured. The use o f  
high shear processing produces less aggregated specimens with superior microscale 
dispersion with the nanoscale morphology being significantly improved but still 
dependant upon the inherent chemistry o f  a particular system. The level o f  exfoliation in 
similar sized clusters is the same in high and low shear processed specimens; however,
Figure 4.30c.
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the number o f  smaller particles is greater in specimens processed with high shear, thus 
leading to an improved overall micro and nanoscale morphology. Due to the absence o f  
an XRD  reflection in low  shear processed materials no difference is observed for high 
shear specimens as any improvement is moving further from the detectable region. 
However, evidence from TEM  analysis indicates that both micro and nanoscale 
morphology can be improved considerably.
Although the specimens produced are some way from that o f  idealised exfoliation, areas 
exist that come close to this state and the overall morphology is similar to epoxy 
nanocomposites in published literature. Specimens that appear intercalated by XRD  
consistently show classic intercalated nanoscale morphology and the use o f  TEM  in these 
cases is not necessary unless microscale dispersion is too good to be detected by SEM. 
Specimens that appear exfoliated by XRD  require TEM  investigation to reveal their 
nanoscale morphology because a wide variety o f  different structures can exist.
In general, two types o f  clay morphology have been observed during this study that can 
differ vastly from idealised structures. Intercalated tactoids, that may have a small number 
o f  exfoliated platelets around the edge, can occur in specimens that are observed as 
intercalated and exfoliated by XRD. The size and distribution o f  these particles being 
significantly better after high shear processing. Specimens observed as intercalated by 
XRD  have a large percentage o f  their total clay content in these particles with regular 
narrow clay separation, approaching idealised intercalation. However, specimens 
observed as exfoliated by XRD  can still contain these species but display larger platelet 
separations within these particles and a disorderly structure, thus not detected by XRD; 
while a large proportion o f  the total organoclay content is also present in highly separated 
clay clusters and exfoliated layers. A ll specimens that were judged exfoliated by XRD  
displayed this duel morphology, well-separated disorderly intercalated tactoids and 
exfoliated clusters, which results in the absence o f  a diffraction peak.
4.5. T h e r m o g r a v im e t r ic  A n a l y s is  o f  O r g a n o c l a y
4.5.1. In t r o d u c t io n
Clay CEC represents the maximum quantity o f  cations that can be intercalated i f  100% 
exchange is achieved, this is rarely the case. The percentage o f  the available CEC used to 
exchange surfactants can be calculated from the results o f  T G A  to calculate the surfactant 
cation exchange capacity (SCEC). The modification process used is very sensitive, to 
processing parameters such as mixing temperature, duration and clay washing (Le  Pluart 
et al. 2002); therefore, the quantity o f  surfactants intercalated in the clay galleries is often
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less than the full CEC. Even when the optimum conditions are used during processing the 
entire clay CEC is rarely utilised to generate the same SCEC in an organoclay.
The incomplete use of a clay’s CEC to exchange surfactants results in some original 
charge compensating cations (Section 2.5.1) remaining in the organoclay. This has three 
detrimental effects for the formation o f nanocomposites. Firstly, the intergallery cations 
will not increase resin-organoclay compatibility and are consequently wasting some 
available CEC that is not taken up by surfactant chains. Secondly, the lack of surfactant 
chains in some areas may not open up the clay galleries to the optimum level making it 
harder to pre-intercalate organoclay. Thirdly, the cations can act as a pin due to 
electrostatic attraction with the platelet surface and hold the clay layers on either side 
together (Lan et al. 1996; Chen et al. 2002), although this is thought to have a greater 
effect in monolayer surfactant configurations. The attraction between remaining cations 
and adjacent clay layers will hinder organoclay swelling during pre-intercalation and add 
to the forces holding the platelets together during exfoliation. Although the surfactant 
chain also possesses this charge, when arranged in a bilayer or paraffin arrangement each 
surfactant is only close to one clay layer and will not hold the layers together.
4.5.2. THERMOGRAVIMETRIC ANALYSIS BACKGROUND
During thermogravimetric analysis (TGA ) a specimen is heated at a constant rate under 
an inert nitrogen atmosphere and the weight change is monitored as organic materials are 
decomposed. From this the percentage material remaining is presented as a function o f 
temperature, allowing for the determination of how much material has been lost during 
specific temperature ranges. Using the percentage weight loss and the molecular weight 
o f one surfactant chain the SCEC can be calculated. The apparent SCEC that is currently 
being used can vary widely from the original clay. This value does not take into account 
any o f the remaining alkali cations and only represents surfactant content in the 
organoclay.
Typically, a small initial weight loss in the region 25-150°C is recorded due to the 
evaporation o f water, while weight loss in the range 150-600°C is due to the loss of 
organic surfactants. The weight loss over this temperature range is used to calculate the 
SCEC of an organoclay.
Weight loss recorded in the 150-600°C region can be sub-divided into the strong ionically 
bonded surfactants and those physisorbed onto the edges of clay layers. The ionically 
bonded species will decompose at a higher temperature (>350°C) due to greater thermal 
stability caused by superior bond strength. The physisorbed species are less strongly
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bonded and will decompose at a lower temperature (150-350°C). It has been suggested by 
Le Pluart et al. (2002) that ionically bonded species will be found in clay galleries and 
will remain attached during processing and cure, subsequently aiding pre-intercalation 
and exfoliation. Whereas, physisorbed species will be present mainly around the edges o f 
platelets and primary particles and may become detached during processing or cure, 
therefore not aiding nanocomposite exfoliation.
4.5.3. TG A  Ex pe r im e n ta l  Pro cedure
Specimens of 5-8pm were tested over a temperature range o f 30-600°C at a heating rate 
of 10°C/min under an inert nitrogen atmosphere using a TA  Instruments TGA Q500. 
Specimens o f Nanomer I.30E, Nanofil 848 and 15 were tested to analyse the differences 
between these organoclays. The SCEC was calculated for combined ionically and 
physisorbed surfactants and for ionically bonded surfactants alone, in both cases 
assuming weight loss below 150°C was due to the evaporation o f water (typically 
between 1 and 2.5%).
4.5.4. R e su lts  Of TGA T estin g
Figures 4.32-4.34 display the weight loss and first derivative o f weight loss as a function 
of temperature for the specimens tested, results are also shown numerically in Table 4.1. 
Nanofil 15, a quaternary surfactant, shows a larger initial weight loss due to water and 
weight loss resulting from surfactant removal over a large temperature range. The broad 
base with two smaller peaks (Figure 4.32) and the high percentage weight losses for both 
physisorbed and ionically bonded surfactants (Table 4.1) indicates that this organoclay 
contains a variety o f surfactant species. I f  the surfactant loss o f all ranges is assumed to 
calculate SCEC then this corresponds to 47.16meq/100g. This is a low value when the 
original CEC of montmorillonite clay is between 70 and 120meq/100g. However, a large 
proportion, 49% of surfactant loss, occurs at a lower temperature indicating the presence 
of physisorbed surfactants that will not be as effective at aiding nanocomposite 
intercalation or exfoliation. If the ionically bonded surfactants are alone used to calculate 
SCEC then this corresponds to 23.9meq/100g. However, it must be considered that 
Nanofil 15 contains two octadecyl chains and will thus be more organophilic than primary 
surfactants even at the same SCEC. However, the density o f surfactants present in Nanofil 
15 is far lower than optimum and helps to explain the poor level o f compatibility found 
when using this organoclay with some polymer systems.
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Figure 4.32. TG A o f Nanofil 15.
The two primary octadecyl surfactant organoclays appear to have a similar and much 
higher SCEC than Nanofil 15. Total surfactant weight loss recorded for Nanomer I.30E 
and Nanofil 848 was 26.3 and 22.8% respectively; this corresponds to SCECs o f 97.3 and 
84.5meq/100g. Although only slightly higher, the weight loss for 1.3OE is concentrated 
over a much smaller temperature range, as indicated by the intense narrow peak in Figure 
4.33, compared to a broader peak in Figure 4.34. This indicates a more uniform type of 
bond between surfactant and clay platelet.
Organoclay
Surfactant
molecular
weight
(g/mole)
Percentage mass loss (%)
SCEC
(meq/lOOg)Water
30-150°C
Physisorbed
150-350°C
Ionically
bonded
>350°C
Total
surfactant
Nanomer I.30E 270.5 1.72 4.99 21.34 26.33 97.33
Nanofil 848 270.5 1.11 5.53 17.32 22.85 84.47
Nanofil 15 551.1 2.74 12.81 13.18 25.99 47.16
Table 4.1. Numerical results from TGA o f various organoclays.
Both organoclays show a similar weight loss in the 150-350°C range that can be 
attributed to non-ionically bonded surfactants, although the peak for Nanomer 1.3OE 
occurs at a slightly higher temperature indicating stronger surfactant-clay bonds. SCEC 
calculated using only the ionically bonded surfactant contribution corresponds to 78.9 and 
64.0meq/100g for Nanomer I.30E and Nanofil 848 respectively. The higher SCEC of 
Nanomer I.30E provides an organoclay with a higher density o f surfactants per unit area 
o f clay and, therefore, a more organophilic clay that will enhance polymer-clay 
compatibility.
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Figure 4.33. TGA of Nanomer I.30E. Figure 4.34. TGA of Nanofil 848.
4.5.5. D isc u ss io n  a n d  C o n c l u s io n s  o f  T G A  T e s t in g
The difference in SCEC measured for the two primary surfactant organoclays appears to 
have little effect on the final properties and morphology of the system (Section 4.3.4.4). It 
is reasonable to assume that a threshold value exists above which increased SCEC will 
have no beneficial impact and, although not seen in experimentation during this study, 
may impair exfoliability (Section 2.8.3). Below this value decreasing organoclay-polymer 
compatibility will reduce the level o f interaction at the platelet interface, making pre­
intercalation less thermodynamically favourable and requiring more intense processing to 
be used. This progressive decreasing compatibility would continue until a level is reached 
where the two materials will become immiscible, like that of UMC.
The value o f SCEC cannot be used alone to judge potential organoclay-polymer 
compatibility. Nanofil 15 has less than half the SCEC of I.30E; however, the two 
octadecyl chains in Nanofil 15 generate a higher level o f organophilic behaviour per 
surfactant and result in both materials showing similar behaviour and compatibility with 
epoxy resins.
4.6. N a n o c o m p o s it e  C u r in g  K in e t ic s
4.6.1. In t r o d u c t io n
Differential scanning calorimetry (DSC) can be used to investigation the curing kinetics 
that will affect the level o f exfoliation in a polymer-clay nanocomposite. It can be used to 
determine which curing agent-organoclay combinations will achieve the small curing 
acceleration required to form an exfoliated nanocomposite.
4.6.2. D S C  B a c k g r o u n d
DSC can be used to accurately measure the heat flow in a polymer to locate material glass 
transition temperatures, melting points and evaporation points. It can also be used to 
measure the location and magnitude o f exothermic curing reactions that occur in epoxy
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resins. The temperature at which maximum energy is generated and the onset o f this 
enthalpy change are both important. The acid catalysation effect o f the primary surfactant 
will be manifested as a change in this curve when compared to the pristine polymer 
(Becker et al. 2003a; Park &  Jana 2004). The location o f maximum exotherm and the 
peak onset will occur at slightly lower temperatures in the nanocomposite. This 
information can be used to select a temperature at which epoxy resin in the clay galleries 
will cure faster than in the bulk. This will result in a larger quantity o f curing between the 
galleries, causing more resin to enter the galleries and subsequently being cured. This 
process will continue until the resin forms into a gel and the diffusion o f polymer chains 
is restricted by increased viscosity. If the gel point is reached quickly then the ratio o f  
intra- to extra-gallery curing will be near unity; however, if  the gel point is not reached 
for a longer period of time then the ratio o f intra- to extra-gallery curing will be much 
greater, creating a more exfoliated nanocomposite. As a result, it is important that a 
sufficiently low curing temperature is selected to ensure adequate time is given to allow 
intra-gallery curing to proceed. However, the curing temperature must be high enough to 
reduce resin viscosity and increase resin flexibility and diffusion between the clay layers. 
Consequently, there is a fine balance when selecting a temperature for curing o f a 
nanocomposite.
4.6.3. Epo x y  Ex o th er m  Ex pe r im en ta l  Procedure
Uncured specimens of 5-8mg were placed in a hermetically sealed aluminium pan for 
DSC testing. A  TA  Instruments Q100 calibrated using an indium metal sample was used 
for all tests. Tests were conducted at 10°C/min from room temperature to a temperature 
high enough to reveal all the prominent curing kinetics in each different resin system.
4.6.4. R esu lts  o f  E p o x y  E x o t h e r m  In v e s t ig a t io n
4.6.4.I. Eth acure  N an o co m po sites
Figure 4.35 shows DSC curing kinetics of 0 and 5wt% Nanofil 32 Ethacure 
nanocomposites. Both pristine and nanocomposite specimens exhibit almost identical 
curing kinetics with peak exotherms consistently at 200°C and measuring around 
0.38W/g. There has been no change in the curing reaction due to the inclusion o f 
quaternary surfactant organoclay. This was expected to be the case because the quaternary 
alkyl ammonium surfactant offers no acidity to catalyse the intra-gallery curing reaction.
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Figure 4.35. Curing DSC of Nanofil 32 Ethacure nanocomposites.
Figure 4.36 shows DSC curing kinetics o f 0, 2, 5 and 10wt% I.30E Ethacure 
nanocomposites. The position o f peak exotherm decreases consistently with increasing 
organoclay content, also shown in Table 4.2. Specimens of 2, 5 and 10wt% organoclay 
display peak exotherms 8, 13 and 20°C lower than the pristine polymer respectively. Even 
larger reductions in the location of peak onset were measured; although this feature 
cannot be located as accurately it indicates that at lower temperatures accelerated curing 
will take place when I.30E organoclay is present. Increasing organoclay content also 
resulted in broader less intense peaks. The maximum enthalpy is lower than the pristine 
polymer because more material is cured at lower temperatures, decreasing the energy 
released at the peak. Peak exotherms occurring at lower temperatures indicates that the 
Ethacure curing reaction is readily accelerated by primary surfactant organoclay, whereas 
the quaternary surfactant does not accelerate the curing reaction in the same way.
Figure 4.36. Curing DSC of Nanomer I.30E Ethacure nanocomposites.
Nanocomposite specimens display a shoulder on the peak that decreases in size as the 
organoclay loading increases. This is thought to be due to areas o f polymer not 
accelerated by surfactant acidity and curing at a similar rate to the pristine polymer. As 
the organoclay loading increases the volume of polymer unaffected by surfactant acidity 
decreases until at 10% the shoulder is almost unnoticeable.
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Specimen Temperature of Peak Exotherm (°C)
Temperature of 
Peak Onset (°C)
Magnitude of 
Peak Exotherm 
(W/g)
0% I.30E Ethacure 200 148 0.381
2% I.30E Ethacure 192 133 0.321
5% I.30E Ethacure 187 121 0.234
10% I.30E Ethacure 180 111 0.191
5% Nanofil 32 Ethacure 200 148 0.385
Table 4.2. Average curing kinetic properties of Ethacure specimens measured by DSC.
4.6.4.2. POLYPOX AND EXCHEM NANOCOMPOSITES
Figures 4.37 and 4.38 display DSC curing kinetics o f 0 and 5% I.30E Polypox and 
Exchem nanocomposites respectively. The temperature at which the peak exotherm 
occurs has decreased by 6 and 5°C for Polypox and Exchem specimens respectively 
(Table 4.3) compared to the pristine polymer, much lower than Ethacure specimens with 
the same clay loading. The shape o f the curves has not been altered compared to the 
corresponding pristine polymer; the curves are almost identical in shape but shifted down 
the temperature scale. This results in the temperature of peak onset reducing by a similar 
amount as the location of the peak exotherm, unlike in Ethacure specimens where the 
broadening of the peak resulted in larger decreases in the peak onset than location o f the 
peak exotherm. Both types of polymer display very similar properties when I.30E 
organoclay in added. However, Polypox nanocomposite curves appear to be shifted by 
6°C from the pristine polymer over the entire temperature range; whereas, the Exchem 
nanocomposite curves mirror the pristine polymer until higher temperatures where they 
diverge to produce the 5°C reduction in location of peak exotherm. This increased 
acceleration in the lower temperature range may help Polypox nanocomposites achieve a 
higher rate of exfoliation than those produced with the Exchem system.
Figure 4.37. Curing DSC of Nanomer I.30E Figure 4.38. Curing DSC of I.30E Exchem
Polypox nanocomposites. nanocomposites.
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Specimen Temperature of Peak Exotherm (°C)
Temperature of Peak 
Onset (°C)
Magnitude of Peak 
Exotherm (W/g)
0% I.30E Polypox 128 88 0.786
5% I.30E Polypox 122 82 0.768
0% I.30E Exchem 98 48 0.791
5% I.30E Exchem 93 45 0.777
0% I.30E DEH 103 59 1.187
5% I.30E DEH 92 59 1.837
Table 4.3. Average DSC curing kinetic properties of Polypox, Exchem and DEH specimens.
4.6.4.3. D E H  NANOCOMPOSITES
Figure 4.39 shows DSC curing kinetics o f  DEH nanocomposites containing 0 and 5% 
I.30E organoclay, numerical values are also displayed in Table 4.3. The addition, o f  
organoclay resulted in an 11 °C reduction in the position o f  the peak exotherm but no 
change in the location o f  the peak onset. The shape o f  the curve has been significantly 
altered; the nanocomposite peak is much narrower and more intense than the pristine 
material. This behaviour is the opposite o f  the Ethacure system whereby the peaks 
broadened. This can perhaps be explained by the amount o f  heat generated during cure 
catalysing the curing reaction. The DEH system is highly exothermic; the acceleration 
caused by organoclay causes the reaction o f  sufficient material to release enough heat to 
quickly cure the remaining epoxy before the temperature at which it would have cured i f  
no heat had been released. Whereas, the Ethacure system generates a low level 
exothermic reaction resulting in no sudden cure due to heat being released, in this case the 
heating element generates all energy for curing. Subsequently the curves are broadened 
because the organoclay allows curing at lower temperatures than the pristine material.
Temperature (°C )
Figure 4.39. Curing DSC of I.30E DEH nanocomposites.
4.7. I s o t h e r m a l  D S C  C u r in g  C y c l e  I n v e s t ig a t io n
The curing cycle employed for each resin system must be tailored to ensure the best 
possible level o f  exfoliation. For high temperature curing systems the temperature must 
be high enough to adequately reduce resin viscosity but low enough to allow adequate 
time for exfoliation to occur. In room temperature curing systems there is less that can be
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done to tailor the curing cycle. However, slight increases in temperature can be used to 
increase the rate o f  slower curing systems. Isothermal DSC can be used to monitor curing 
reactions and ensure that nanocomposites attain an increased rate o f  cure, using the actual 
curing cycle o f  a system, compared to the pristine polymer and that the curing reaction 
does not occur too rapidly.
4.7.1. Is o t h e r m a l  D S C  E x p e r im e n t a l  Pr o c e d u r e
Uncured specimens o f  5-8mg were placed in a hermetically sealed aluminium pan for 
isothermal DSC testing. A  T A  Instruments Q100 calibrated using an indium metal sample 
was used for all tests. Isothermal tests were conducted to replicate the initial step o f  the 
curing cycle o f  each different polymer system.
4.7.2. R esu lts  o f  I s o t h e r m a l  D S C  In v e s t ig a t io n
4.7.2.l. Eth acure  N an o co m po sites
Ethacure specimens containing 0, 5 and 10% I.30E organoclay were isothermally tested at 
100 and 130°C, two initial cure temperatures commonly used for this resin system. 
Figures 4.40 and 4.41 display the heat flow  and percentage cure against temperature. The 
rate o f  cure at 100°C o f  the nanocomposite specimens is faster than that o f  the pristine 
polymer, the percentage cure curves are separated further and it takes 112 minutes before 
80% o f  cure has occurred. At 130°C the difference between the pristine and 
nanocomposite specimens is less dramatic indicating less acceleration due to primary 
surfactant organoclay. It takes 66 minutes for the 5% nanocomposite to reach 80% o f  
cure, half the amount o f  time for exfoliation to take place than at 100°C. Therefore, initial 
stages o f  cure will be conducted at 100°C as this generates a larger difference between 
pristine and nanocomposite curing rates.
Figure 4.40. Isothermal DSC o f I.30E Ethacure nanocomposites at 100°C.
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Figure 4.41. Isothermal DSC of I.30E Ethacure nanocomposites at 130°C.
4.7.2.2. POLYPOX, EXCHEM AND D E H  NANOCOMPOSITES
Different temperatures were investigated for all resin systems and the DSC results for the 
chosen temperature for each resin system is shown. Figure 4.42 displays isothermal 
curing kinetics o f  Polypox specimens at 75°C containing 0 and 5% I.30E, the rate o f  cure 
in the nanocomposite is slightly quicker than the pristine material and the cure time is 
reasonably long. When the curing temperature was increased to 100°C there was almost 
no acceleration in the nanocomposite, this can perhaps explain the intercalated structure 
observed in XRD tests when cured at 100°C (Section 4.3.8).
Figure 4.42. Isothermal DSC of I.30E Polypox nanocomposites at 75°C.
Figure 4.43 displays the isothermal curing kinetics o f  Exchem specimens containing 0 
and 5% I.30E tested at 30°C. The rate o f  acceleration in the nanocomposite is small; 
however, the cure temperature cannot be altered significantly as this system is sensitive to 
high temperatures. Curing at 30°C was found to show increased acceleration than when 
conducted at room temperature (20°C) without curing too rapidly. Whereas, curing 
conducted at 40°C resulted in no acceleration due to the rapid curing reaction induced by 
the higher temperature.
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Figure 4.43. Isothermal DSC o f I.30E Exchem nanocomposites at 30°C.
Figure 4.44 displays the isothermal curing kinetics o f  DEH specimens containing 0 and 
5% I.30E tested at 40°C The acceleration o f  the nanocomposite is reasonably large, 
during which time exfoliation should take place. This curing temperature offers increased 
acceleration compared to room temperature without curing the polymer too quickly.
Figure 4.44. Isothermal DSC o f I.30E DEH nanocomposites at 40°C.
4.7.3 D isc u ssio n  a n d  C o n c l u s io n s  o f  DSC T est in g
It can be seen that the acidic acceleration observed in different curing agents varies 
widely and displays a high level o f  correlation to the level o f  exfoliation. Although the 
degree o f  exfoliation cannot be measured accurately, from XRD and TEM  analysis 
(although subjective) a reasonable amount o f  confidence can be placed in the following 
order for levels o f  exfoliation; Ethacure>Polypox>DEH>Exchem. Exchem is known to be 
intercalated (Section 4.3.4.6), while DEH has a tendency to become intercalated after 
insufficient processing or curing temperature. The difference between Polypox and 
Ethacure is more difficult to judge; however, from TEM it can be observed that Ethacure 
has consistently high clay layer spacing. This order o f  exfoliation level is consistent with 
nanocomposite curing accelerations, observed in DSC exotherm and isothermal testing 
described above, with the exception o f  Polypox and DEH specimens. The exfoliation o f  
Polypox is superior to that in DEH specimens although increased acceleration is generally 
observed in DEH specimens. It may be that the low resin viscosity has a significant effect 
influencing exfoliation but does not greatly influence curing kinetics observed by DSC, or
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the higher Polypox cure temperature increases the rate o f  exfoliation by additional 
unknown mechanisms. Therefore, specimens that achieve greater curing accelerations 
w ill in general have greater levels o f  exfoliation in the cured nanocomposite; however, 
the influence o f  resin viscosity and cure temperature also have a significant effect.
An effective way to analyse a new curing agent-organoclay combination would be to 
employ ramped and isothermal DSC at the temperature o f  the normal curing cycle. As has 
been shown, these techniques can effectively demonstrate whether the necessary curing 
acceleration w ill occur. Providing an overall indication o f  whether the correct 
requirements have been met for exfoliation and the extent to which the acceleration w ill 
occur. This process w ill give a good indication o f  whether a combination o f  materials 
might generate exfoliated nanocomposites, this can then be verified by using other 
characterisations procedures.
4.8. IR Spectro scopy  o f  N anocom posites
4.8.1. Intr o d uc tio n
IR  spectroscopy was used to analyse the chemical structure o f  nanocomposites to check 
that high temperature and acetone assisted processing methods did not affect the polymer 
structure.
4.8.2. Ba c k g r o u n d  to  IR  Spectr o sco py
IR  spectroscopy utilises electromagnetic radiation within the infra-red region to analyse 
the structure o f  materials. IR  radiation is passed through a specimen and the amount o f  
radiation absorbed is recorded. This information is then used to either identify an 
unknown sample from known spectra or to identify functional groups and bonds within a 
known sample. IR  spectroscopy utilises the intrinsic vibrations o f  all atoms when above a 
temperature o f  absolute zero. The stretching and bending o f  molecular bonds absorbs IR  
radiation o f  the same frequency as its vibrations. Specific atoms bonded together w ill 
vibrate at a specific frequency resulting in IR  radiation being absorbed at the same 
frequency. The wavelength o f  the vibrations o f  these bonded atoms depend on the type o f  
atoms and the type o f  bond existing between the two; this information can be used to 
determine what the atoms are and the type o f  bond between the two.
4.8.3. IR  Spectro sco py  Sa m p l e  Pr epar atio n
Thin discs were manufactured for IR  spectroscopy by the following method. Resin cast in 
16mm cylinders (Section 3.2.1.1) was machined with a lathe to 12.8mm diameter and cut 
to 0.5mm thick discs using a diamond saw. These discs were ground and polished to a 
thickness o f  0.05mm, this thickness was found to be sufficiently thin to allow accurate 
spectra to be gathered.
87
C hapter 4: P rocessing  and M orphological D evelopm ent o f  N anocom posites
4.8.4. IR Spectro sco py  Ex pe r im en ta l  Procedure
Testing was conducted using a Perkin-Elmer FTIR  spectrometer from 4000-400cm'1, 
average results were obtained from 20 scans. A  reading o f  background radiation was 
taken before all tests to be subtracted from the measured spectra.
4.8.5. R esults of IR Spectr o sco py  T esting
Results o f  Polypox and Ethacure nanocomposites compared to their respective pristine 
polymer are shown in Figures 4.45 and 4.46 respectively. It can be seen that the IR 
spectra o f  the pristine polymers are very similar. The base resin was the same in each 
system so the types o f  molecular bond are identical. The majority o f  bond types in the 
curing agents are the same as in the resin, while the remainder occur in both curing agents 
so no large differences are observed between the pristine materials. Each material is 
primarily composed o f  aliphatic and aromatic C-C (1608 and 1506cm'1), C-H (3034cm 1, 
2900cm'1 and 827cm'1), C-N (1026-1290cm'1), C-O (1000-1260cm'1) and O-H (3400cm' 
’ ), each different bond often giving more than one spectra peak due to different behaviour 
such as in- and out-of-plane bending and symmetric and asymmetric stretching.
Wavenumber (cm1)
Figure 4.45. IR spectra o f pristine and 5% I.30E nanocomposite Polypox specimens.
The most obvious difference between pristine and nanocomposite specimens in both resin 
systems are the peaks at 518 and 450cm’1. These bands coincide with A l-O  and M g-O 
stretching vibrations that have been seen in pure montmorillonite (Wang et al. 2005; 
Miyagawa et al. 2006). However, the absorbance band for Si-O (1000-1080cm'1) (Krook 
et al. 2006; Wang et al. 2005) is not detected, probably due to the already high abundance 
o f  other species at this wave number.
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The small peak detected at 2355cm"1 is also seen in pure montmorillonite (Wang et al. 
2005) and probably does not represent a change in polymer structure. The surfactant 
chains are primary composed o f  C-C and C-H bonds which already appear throughout the 
resin. The only new bond introduced with the surfactant is N-H, although occurring in the 
curing agent once cross-linked does not appear. This could be the reason for one o f  the 
small peaks that cannot be explained by the presence o f  montmorillonite. Therefore, most 
o f  the differences in IR spectra can be explained by the clay layers and the chemical 
structure o f  both resin systems appears to remain largely unchanged.
Wavenumber (cm'1)
Figure 4.46. IR spectra o f pristine and 5% I.30E nanocomposite Ethacure specimens.
Acetone used during the production o f  nanocomposite specimens appears to have been 
removed completely and has not disrupted other chemical structures. Any acetone 
remaining after processing would be expected to show a distinct peak at 1700cm'1, the 
characteristic absorbance wave number o f  C =0 , present in acetone but not occurring in 
the rest o f  the polymer network.
The changes in bonding and polymer constraint have not led to any detectable changes in 
the IR spectra. Although the absorbance from the presence o f  specific species would not 
change, the constraint imposed in the nanocomposite may have altered the bending and 
stretching vibrations and resulted in some additional changes. However, these changes 
would have to be significant to be detected by this method o f  analysis.
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Chapter 5: Mechanical Properties of Polymer-Nanocomposites
C h a p t e r  5:
M e c h a n ic a l  Pr o pe r t ies  o f  P o l y m e r -
N a n o c o m p o s it e s
5.1. I n t r o d u c t io n
The influence that organoclay has on the mechanical properties o f  unreinforced polymers 
is investigated in this chapter. The mechanical properties o f  nanocomposites without fibre 
reinforcement requires investigation before composites containing fibres to understand 
how organoclay affects the polymer. This can then be used to interpret the behaviour o f  
fibre composite specimens and assess how their properties w ill affect civil engineering 
materials. The current state o f  the art with respect to a number o f  polymer systems, and 
especially epoxies, are reviewed. Followed by results o f  tests conducted during this study 
to evaluate the mechanical property advantages that may be achieved in matrix polymers.
5.2. R e v i e w  o f  P r e v io u s  W o r k
5.2.1. In t r o d u c t io n
The mechanical property improvements that may be achieved in polymer-organoclay 
nanocomposites depend largely on the morphology o f  the clay layers, the organoclay 
dispersion, the type o f  polymer being investigated and the bonding between the two 
constituents. Comparing property increases between different resin systems, even with 
similar organoclay morphologies, w ill not lead to a fair interpretation o f  property 
improvements because the relative property changes w ill vary between resin systems. 
This is especially important when comparing glassy and elastomeric polymers in which 
the properties o f  a nanocomposite with the same morphology w ill differ significantly.
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5.2.2. T h e r m o p l a s t ic s
The incorporation of organoclay in thermoplastic polymers is well-established and the 
reinforcement effect is generally greater than in theimosets. The lack o f cross-linking in 
thermoplastics provides a material that can be extensively reinforced and can endure 
greater strains and will not easily fracture. Annealing o f thermoplastics in extruders is 
often conducted that causes clay platelets to become aligned and thus a superior 
mechanical reinforcement than when randomly orientated. Clay layers can act to transfer 
stress, as in thermosets, but anchor and restrict polymer chain mobility to a greater extent 
generating a stiffer material. Many thermoplastics are capable o f comparatively large 
elongations, 20 - 10 0% are common, which are significantly reduced in nanocomposites 
due to the reinforcement effect, creating a material with increased stiffness but with lower 
strain to failure. It has been suggested that the large mechanical property improvements 
seen in some types of thermoplastic polymer, polyamide for example, arise from the 
formation o f hydrogen bonds between the clay surface and polymer (Ray &  Okamoto 
2003). These types o f bonds can only form when more polar polymers are used; therefore, 
they will not occur in all polymers and will not occur in epoxy systems. The polymer 
molecular weight has also been observed to influence ultimate stress and modulus; 
increasing molecular weight generates larger property increases than the same material 
with lower molecular weight (Ray & Okamoto 2003).
5.2.2.1. Ult im a t e  Stress
The ultimate stress o f thermoplastic nanocomposites is increased compared to the pristine 
polymer in most types thermoplastic, but increases can vary widely depending on the type 
o f polymer investigated. Polar polymers, such as PM M A and polyamide (Kojima et al. 
1993), tend to show greater increases in ultimate stress as they can develop polar bonds 
(Alexandre &  Dubois 2000) with the silicate layer. This enables a large degree o f stress 
transfer via interfacial adhesion between materials. However, less polar polymers, such as 
ethylene and polypropylene (Ellis &  D'Angelo 2003), cannot develop such good 
interfacial adhesion and tend to display lower ultimate stress property enhancements.
5.2.2.2. M odulus
The stiffness o f thermoplastic nanocomposites has been shown to increase compared to 
the pristine polymer in all types o f thermoplastic. Increases in tensile modulus are varied 
and primarily depend on the properties o f the polymer, processing method and type of 
organoclay. For example, the modulus o f various types o f polyamide nanocomposite have 
been recorded as increasing over a wide range o f values as the elongation reduces (Table 
5.1). Some specimens achieve an increase in modulus with only a small reduction in 
elongation (Tsai &  Huang 2006), whereas others show significantly decreases ultimate
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strain for high relative modulus (Masenelli-Varlot et al. 2002) and some are less well 
reinforced but still exhibit a significant reduction in strain to failure (Araujo et al. 2004).
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Reference
Organoclay 
content (%)
Relative
modulus
Relative
elongation
Masenelli-Varlot et al. (2002) 3.4 1.82 0.042
Gyoo et al. (2006) 5 1.46 0.64
Uribe-Arocha et al. (2003) 5 1.81 0.27
Weon & Sue (2005) 5 1.30 0.12
Araujo et al. (2004) 6 1.19 0.29
Wu et al. (2002) 5 1.64 0.8
Tsai & Huang (2006) 5 1.32 0.92
Table 5.1. Relative modulus and elongation o f polyamide nanocomposites.
s.2.2.3. Pre-D ispersed N y l o n -6
Some polymer manufacturers produce pre-dispersed organoclays in thermoplastic 
polymers. RTP1 produce a 5% organoclay nylon-6  polymer that claims to offer large 
decreases in moisture permeability and other beneficial properties. Company data sheets 
indicate the nanocomposite can offer increases of 1.18, 1.74 and 1.35 times tensile 
strength, modulus and heat deflection temperature (HDT) respectively; but reduced 
elongation and impact strength by over 0.3 and 0.74 times respectively compared to the 
unfilled nylon-6 . However, independent research by Tsai &  Huang (2006) measured only 
a 1.32 times increase in tensile modulus and only a small decrease in moisture uptake 
when using this pre-dispersed nylon-6  nanocomposite.
5.2.3. T e n s il e  P r o pe r t ie s
5.2.3.l. Elasto m er ic  Epo x y  Po lym er s
The high level o f elongation in elastomeric polymers allows a significant amount o f clay 
alignment during testing. Low tensile modulus materials will deform further before 
failure, increasing the reinforcement effect o f organoclay as clay platelets become 
increasingly aligned in the stress direction. Testing elastomeric epoxy polymers enables 
the effects o f different organoclay morphologies to be observed with more clarity as 
properties will change by significant amounts. This is helpful to determine which material 
and processing factors influence organoclay morphology and how the degree of 
intercalation and exfoliation will affect physical properties. This knowledge can then be 
transferred into glassy engineering polymers to produce superior nanocomposites.
Considerable work has been conducted using a DGEBA-Jeffamine D2000 system by one 
group of researchers (Lan &  Pinnavaia 1994; Pinnavaia &  Lan 1996; Lan et al. 1996; 
Pinnavaia et al. 1996; Wang et al. 2000) among others (Messersmith &  Giannelis 1994; 
Brown et al. 2000; Lin et al. 2003). This system forms a material with a sub-ambient
1 = RTP Company, www.RTPcompany.com/products/structural/nano.htm
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glass transition temperature and is highly flexible at room temperature. Increases in 
tensile strength o f 2.6, 5.8 and 11.6 times at organoclay loadings o f 5, 10 and 15wt% 
respectively have been reported, while accompanied by an increase in tensile modulus o f
1.7, 3.5 and 6.0 times at the same organoclay loadings (Wang et al. 2000). These large 
mechanical property increases allowed small changes in morphology to be evaluated.
Testing glassy epoxy nanocomposites at temperatures above their glass transition can 
also, by the same mechanism, generate large improvements in tensile properties. This 
could have relevance to situations where composite materials are subjected to high 
temperature, components exposed to direct sunlight or bonded to metallic structures that 
can become heated. For example, the tensile strength and modulus was increased by 1.6 
and 1.8 times with respect to the pristine polymer when tested at 80°C in a 5% Cloisite 
10A Epon 828-Jeffamine D230 system with a glass transition temperature o f around 65°C 
(Zhou &  Lee 2003).
s.2.3.2. G la ssy  Ep o x y  Po lym er s
Glassy polymers, those with a higher than ambient glass transition temperature, have a 
higher modulus, higher strength and a lower strain to failure than elastomeric polymers 
and those with sub-ambient glass transition temperatures. This makes them ideal for use 
in composites, where a strong and tough matrix is required. However, decreased ultimate 
strain and high modulus results in less impressive property improvements when used in 
nanocomposites. They are also increasingly sensitive to premature fracture from stress 
concentrations and defects within the material.
In te r c a la t e d  N ano co m po sites
It is generally observed that performance enhancements achievable with intercalated 
specimens are lower than those which are exfoliated (Wang et al. 2000). However, due to 
the difficulties involved with accurately establishing the organoclay morphology present 
and the lack of an accurate measure for exfoliation, exfoliated and intercalated specimens 
are often mischaracterised. This leads to situations where mechanical properties and clay 
morphology are not correctly linked.
Figure 5.1 shows typical tensile properties o f intercalated epoxy, DGEBA-TETA, 
nanocomposites with Cloisite 30B, at most organoclay loadings a reasonable increase in 
modulus is achieved at the expense o f strain to failure (Basara et al. 2005). However, the 
tensile strength is far more varied and can increase or decrease in similar systems with 
similar clay morphologies, this complex behaviour makes it difficult to interpret which 
polymer systems and clay morphologies are preferable in certain situations. It is common 
to retain large clay aggregates in epoxies (low dispersion quality) that can generate stress
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concentrations and lead to premature failure without developing full plasticity. 
Intercalated specimens can also be produced with high dispersion quality containing small 
intercalated clay clusters; in these situations the properties are improved. However, it is 
rare to have intercalated epoxy specimens with this type of dispersion and it is more often 
found in thermoplastic nanocomposites.
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Figure 5.1. Tensile properties o f epoxy nanocomposites, after Basara et al. (2005).
Figure 5.2 shows similar tensile property improvements generated from intercalated 
epoxy nanocomposites, EPON 825-Jeffamine D400 with Nanomer I.28E (Zerda &  Lesser 
2001). Large aggregates were observed that will not lead to optimum mechanical property 
increases and can cause premature fracture.
Figure 5.2. Tensile properties o f intercalated epoxy 
nanocomposites, after Zerda & Lesser (2001).
Similar properties were observed by Zhou &  Lee (2003) with intercalated Cloisite 10A in 
an Epon 828-Jeffamine D230 system; reporting tensile modulus and strength 1.18 and 
0.76 times that of the pristine polymer at 5% organoclay. It can be seen that, in general, 
intercalated specimens will offer some increase in modulus at the expense o f strength and 
ultimate strain. These improvements are not great and as such would not offer any real 
advantage in matrix properties but may cause premature failure compared to the pristine 
polymer.
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Ex fo liated  N a no co m po sites
In theory, the properties o f an exfoliated nanocomposite should be superior to a 
nanocomposite with an intercalated morphology. However, the basic characteristic trait o f 
exfoliation, individual clay layer separation, does not fully describe nanoscale or even 
indicate macroscale dispersion and in some cases only small changes have been observed 
between intercalated and exfoliated specimens (Abot et al. 2003). An intercalated 
specimen with good dispersion will exhibit higher strength than an exfoliated specimen 
with poor dispersion but the stiffness may not show the same link.
Figure 5.3 shows the stress-strain response o f exfoliated Cloisite 30B in a DER 331-DEH  
24 system, modified with an elastomer, DER 732 (Daniel et al. 2003). The specimens 
show increased modulus, increasing to 1.88 times the pristine polymer at 10 %  
organoclay, while above 2.5% organoclay the strain to failure reduces significantly. 
However, this resin system has been altered by an elastomer which has decreased 
stiffness and strength. This can greatly increase the improvements generated by 
organoclay, as discussed in Section 5.2.3.1. Although, the strain to failure is low for a 
plasticized resin system and the pure epoxy resin appeal's to undergo little plastic 
deformation.
Figure 5.3. Stress-strain curves o f exfoliated 
nanocomposites, after Daniel et al. (2003).
A  slightly different behaviour is seen in a exfoliated epoxy-anhydride system with an 
excellent level of dispersion containing Cloisite 30B (Yasmin et al. 2003). Even at low 
organoclay loadings, 1, 2 and 3%, the ultimate strain is consistently lower than that o f the 
pristine polymer, although reasonably large increases in tensile modulus are achieved 
(Figure 5.4). There appears to be little progressive reduction in strain to failure, large 
initial decreases are recorded, with increasing organoclay content even in this highly 
exfoliated system. This system is considerably more glassy than that investigated by 
Daniel et al. (2003), the initial tensile modulus is around 3GPa compared to 2.1GPa. This 
probably contributes to the lower strain to failure rates in the nanocomposites as the 
system is less able to accommodate the stress concentrations induced by organoclay. The
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nanocomposites created by Yasmin et al. (2003) show such reduced strain to failure rates 
that i f  applied in a fibre-composite could result in a matrix dominated failure mechanism. 
This would be obvious in higher strain to failure materials such as glass, but also apparent 
in stiffer materials such as carbon.
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Figure 5.4. Stress-strain curves o f exfoliated nanocomposites containing 
various amounts o f organoclay, after Yasmin et al. (2003).
An Araldite CY225-HY925 (DGEBA-anhydride) system was found to generate tensile 
strength and modulus 0.64 and 1.54 times the pristine material at 10% organoclay loading 
(Kommami et al. 2003). This system displays a similar reduction in ultimate stress and 
increase in tensile modulus as other epoxy nanocomposites discussed above.
Pure epoxy specimens generally undergo an elastic-plastic response to loading, whereas 
nanocomposites do not exhibit much plastic behaviour in the majority o f  cases. Stress 
concentrations arising from clay aggregates, micro-voids or material inconsistencies and 
defects can prevent full plasticity being developed. This is reduced as dispersion quality is 
increases but commonly occurs when organoclay loading increases beyond 5%. Abot et 
al. (2003) proposed that the microstructure rather than nanostructure controls mechanical 
properties. This is likely to be the case for ultimate strength and strain due to the presence 
o f  stress concentrations while stiffness is influenced by both macro and nanoscale 
morphology.
5.2.4. Fle x u r a l  Properties
Figure 5.5 shows flexural modulus improvements generated from three different epoxy 
resins cured with D E TD A containing Nanomer I.30E (Becker et al. 2002). Similar results 
were also found in an Epon 828-Shell curing agent W  system with Cloisite 30B, found to 
produce flexural strength and modulus 0.8 and 1.42 times the pristine polymer with 6% 
organoclay (Dean et al. 2005). These increases in flexural moduli are similar to tensile 
modulus improvements in glassy epoxy resins.
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Figure 5.5. Flexural modulus o f nanocomposites manufactured from (®) DGEBA,
(■) TGAP, and (a ) TGDDM epoxy resins, after Becker et al. (2002).
5.2.5. C om pressive  Properties
A  small amount o f  research into compressive properties o f  epoxy nanocomposites has 
been conducted. Compressive properties are not usually investigated as rigorously as 
tensile or flexural properties, especially within the civil engineering field where a large 
proportion o f  composite specimens do not undergo compressive forces.
Massam &  Pinnavaia (1998) have shown increases in compressive modulus o f  12 and 
21% and compressive strength o f  5.5 and 11% at organoclay loadings o f  5 and 10wt% in 
an exfoliated EPON 828-Jeffamine D230 system. The results showed a good level o f  
proportionality that might be expected for compressive properties. It was also shown that 
intercalated and U M C specimens achieved almost no increase in compressive strength or 
modulus. These results have been reproduced by other researchers that also demonstrated 
little improvement in the same polymer system with an intercalated morphology with 
organoclay loadings up to 12.5% (Zerda &  Lesser 2001). Similar increases for exfoliated 
specimens have been reported by Liu et al. (2005b) for a DDS cured epoxy system with 
compressive modulus increases o f  13.7 and 20% at organoclay loadings o f  5 and 9wt%, 
but accompanied by almost no change in compressive strength.
Some results have not displayed such a high level o f  proportionality with organoclay 
loading. Subramaniyan et al. (2003) found a 19 and 20% increase in compressive 
modulus at organoclay loadings o f  5 and 8wt% respectively. These increases are certainly 
not proportional and indicate a critical value may exist somewhere between 0 and 5wt%.
5.3. E x p e r im e n t a l  T e s t in g  O f  P o l y m e r -N a n o c o m p o s it e s
5.3.1. In t r o d u c t io n
Tensile testing was used to help interpret the macroscale organoclay dispersion o f  
Polypox and Ethacure nanocomposites after different processing methods by evaluating 
their mechanical properties. This was employed to develop and evaluate high shear
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processing methods used to manufacture well-dispersed nanocomposites, in combination 
with optical and SEM analysis to link the relevant morphology and mechanical properties. 
The Polypox system was used to test a wider range o f  different manufacturing techniques 
and organoclays; due to the greater effect that organoclay has on its mechanical properties 
it is easier to identify changes in behaviour.
Flexural testing was conducted on all resin systems to investigate low  and high shear 
processed nanocomposite mechanical properties. Compression testing o f  nanocomposite 
systems was also conducted to ascertain their compressive properties.
Testing o f  thennoplastic and sub-ambient glass transition temperature epoxies that exhibit 
elastomeric like properties are often quoted to demonstrate high performance advantages 
when using organoclay (Section 5.2.3.1). These materials develop high strain to failure 
and the tensile modulus and strength can be reinforced to many times the pristine 
polymer. It is often the high level o f  exfoliation that is cited as the reason for these 
improvements that are not seen in U M C  specimens. In order to demonstrate that the 
glassy nature o f  the materials tested during this study, and not the lack o f  organoclay 
exfoliation, is resulting in the less than dramatic material property improvements a series 
o f  elastomeric epoxy materials were tested.
5.3.2. M e th o d o lo g y
5.3.2.1. Tensile Specimen M anufacture
Samples 125x125mm with varying depth were manufactured using the method described 
in Section 3.2.1.1. These were cut into 125x12mm test coupons and the top surface, 
containing voids, was removed to produce a specimen 6mm thick free o f  voids. A  ‘dog- 
bone’ (in profile) specimen was formed by removing 1mm from both faces o f  the 
specimen over the central third. This reduced the cross-section sufficiently so that 
specimens failed under pure tensile action and not under a combination o f  moment and 
tension near the jaw. The resulting specimens (Figure 5.6) consistently failed in this zone 
o f  reduced cross-section.
5.3.2.2. Tensile Testing Experimental Procedure
Specimens were tested using an Instron 1175 at lmm/min until failure. Strains were 
recorded using two 8mm foil strain gauges, one on each side to remove the effects o f  any 
moment or torsion. Specimen dimensions were recorded to an accuracy o f  0.01mm in a 
minimum o f  three points over the reduced cross-section before strain gauges were 
attached. Custom made packing blocks were used to ensure specimens were positioned on 
the centre line and vertically in the testing jaws (Figure 5.6). The packing blocks were
C hapter 5: M echanical P roperties o f  P o lym er-N anocom posites
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2mm thinner than the specimens, ensuring that the specimen and not the packing blocks 
were held during testing.
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Figure 5.6. Tensile test specimen geometry and packing blocks, all dimensions in mm.
5.3.2.3. F l e x u r a l  Sp e c im e n  M a n u f a c t u r e
Specimens were prepared using the vacuum assisted resin infusion technique (Section
3.2.1.2) with a 6mm PTFE gasket, these 6mm sheets were then cut to form 12x125mm 
specimens. Nanocomposites were produced using standard low and high shear processing 
methods described in Section 3.2. Specimens were cured using the standard curing cycles 
for the appropriate resin system (Section 3.1.4).
5.3.2.4. F l e x u r a l  T e s t in g  E x p e r im e n t a l  Pr o c e d u r e
Testing procedure was based on ASTM  D790-98 employing a three point bending 
arrangement with a span-to-depth ratio o f 16:1, 3.2mm radius rollers on supports and a 
6.35mm radius loading nose. The required span was 96mm, leaving adequate overhang at 
the ends to satisfy the requirements of the standard (Figure 5.7). The closest available rate 
of cross-head motion to that specified by the standard was 2mm/min. Mid-span deflection 
was recorded by two extensometers, one either side of the specimen, capable o f recording 
extensions to ±0.01mm. Flexural modulus and ultimate stress were calculated using the 
equations adopted in the standard.
Figure 5.7. Flexural test loading arrangement, all dimensions in mm.
S.3.2.5. C o m p r e s s iv e  Sp e c im e n  M a n u f a c t u r e
Cylindrical specimens were cast in 16mm diameter and 60mm deep PTFE moulds 
(Section 3.2.1.1). These specimens were then machined to a diameter o f Mmm to remove 
voids that were trapped at the surface o f the mould and then cut to 28mm long cylinders. 
This specimen geometry, length twice that o f diameter, was in accordance with ASTM  
D695-96.
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s.3.2.6. C o m p r e s s iv e  T e s t in g  E x p e r im e n t a l  Pr o c e d u r e
Compressive properties were tested in accordance with ASTM  D695-96. The test set-up 
is displayed in Figure 5.8, this set-up was used so that specimens could be located on the 
centre line while supporting as little o f the specimen as possible. Specimens were tested 
using an Instron 1175 with 5500R controller at lmm/min. Compressive strain was 
assumed to occur over the full specimen length and was calculated directly from the 
cross-head movement.
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Figure 5.8. Experimental setup for compressive testing o f pure polymer specimens.
5.3.2.7. E l a s t o m e r ic  Sp e c im e n  M a n u f a c t u r e
Specimens were produced using the vacuum assisted resin infusion technique (Section
3.2.1.2) with a 1.5mm PTFE gasket. Polypox specimens were produced using only 50% 
stoichiometric quantity o f curing agent, specimens were then cured as normal (Section 
3.1.4) and were subjected to an extended postcure. Specimens were cut into a dog-bone 
section with the dimensions shown in Figure 5.9.
5.3.2.8. E l a s t o m e r ic  T e s t in g  E x p e r im e n t a l  Pr o c e d u r e
Aluminium end tabs, 25x25mm, were adhesively bonded to specimens and tested in an 
Instron 1175 with 5500R controller. Neither strain gauge nor extensometer could be 
adequately attached so the cross-head movement was used to indicate extension o f the 
specimen in order to calculate specimen stiffness. Although not ideal, all specimens had 
the same geometry and any slip in the jaws or testing machine should be almost negligible 
compared to the high levels o f strain exhibited by these specimens. Specimens were 
loaded at 40mm/min until failure.
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Figure 5.9. Elastomeric tensile test specimen geometiy, all dimensions in mm.
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5.3.3. M o r p h o l o g ic a l  D e v e l o p m e n t  D u r in g  T e n s il e  T e s t in g
5.3.3.1. L o w  Sh ear  Processed  Tensile  Testing
Low  shear processed specimens were initially tested to detennine the tensile properties o f  
well pre-intercalated but aggregated organoclay nanocomposites; results o f  which are 
shown in Section 5.4.1.1. W ide variations o f  tensile strength were recorded due to 
premature failure induced by stress concentrations from discontinuities arising from 
organoclay aggregates. This led to the introduction o f  high shear processing to increase 
dispersion; thus reducing stress concentrations, premature failures and generating 
specimens that display similar plastic deformation as the pristine polymer.
5.3.3.2. H ig h  Sh e a r  Processed  Tensile  T esting
A  number o f  high shear processing techniques were available that could potentially 
breakdown the primary clay particles and produce a more uniform nanocomposite; these 
are discussed in Section 5.4.1.2. The method that was found to be effective for small scale 
laboratory testing was a vertically stirred grinding media mill (G M M ).
High viscosity liquids w ill not allow grinding media to move freely and impact upon one 
another. Therefore, i f  D G EBA is too viscous, even at high temperatures, for effective 
grinding a solvent would have to be used. Therefore, specimens produced by this method 
were compared to those produced using a solvent. However, the use o f  a solvent for 
mixing requires that it be removed before curing, this can be hard to completely achieve. 
Analysis o f  specimens manufactured using solvents were later analysed using IR 
spectroscopy to detennine i f  the chemical structure was adversely affected by this process 
(Section 4.8). I f  the use o f  a solvent can be avoided the production method w ill be 
simplified. Acetone was selected to grind the particles due to its low  viscosity, low  
boiling point and compatibility with organoclay and epoxy resin.
In both cases, resin and acetone grinding, the G M M  utilised the same grinding media 
(2mm diameter soda lime glass beads), stirring paddle, stirring speed and beaker size. The 
two different methods used were those o f  resin grinding (RG ) and acetone grinding (A G ), 
described in detail in Section 3.2.2.1, results are shown in Section 5.4.1.2.
53.3.3. Stee l  G r in d in g  M edia
The glass beads used for grinding started to deteriorate after approximately 6 hours. Glass 
beads used for these preliminary experiments were low quality soda lime glass and not 
specifically designed to be used as grinding media. The transparent nature o f  the glass 
beads also made it difficult to see i f  any beads remained in a specimen after pouring into 
the mould. Therefore, stainless steel grinding media were acquired to grind the clay
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particles. These beads are highly visible and magnetic to aid preparation, they are also of 
a higher density and smaller, 1 .6mm, which should help to grind the clay particles faster.
These beads were used to manufacture Polypox nanocomposites to compare with those 
achieved with glass beads; results are shown in Section 5.4.1.3. The resin grinding 
method was employed and continued until no large particles were visible. This process 
took less time than with glass beads; the smaller diameter metal beads result in a larger 
number o f contact points per unit volume and the higher density also delivers more 
energy to break down the clay particles. The exact processing variables for steel media 
grinding were selected after a number o f trials varying the processing parameters.
s.3.3.4. A lte r n at ive  O r g a n o c la y s
The use of 1.3OE as the central organoclay used for the manufacture o f nanocomposites 
has been explained in Sections 4.4 and 4.5. However, once a method for reducing the size 
of primary particles was developed the use o f other larger particle organoclays could be 
investigated. The GM M  method was used to investigate the tensile properties of Nanofil 
848, which has the same organophilic surfactant as I.30E. This would indicate whether 
the lower density o f surfactant chains, as determined by the lower SCEC measured during 
TG A  (Section 4.5), o f Nanofil 848 influences mechanical properties.
5.4. R e s u l t s  o f  P o l y m e r -N a n o c o m p o s it e  T e s t in g
5.4.1. P o l y p o x  N a n o c o m p o s it e  T e n s il e  T e s t in g
5.4.1.1. L o w  Sh ear  Processed  Po ly p o x  N ano co m po sites
Low shear processed specimen results are highlighted in Table 5.2 and stress-strain 
curves can be seen in Figure 5.10. The tensile modulus increased by 9.0 and 19.9% with 5 
and 10 wt% organoclay respectively; however, the average ultimate tensile stress 
decreased with increasing organoclay content. The ultimate tensile stress varied widely 
and covered a large range o f values, as can be seen from the sample standard deviation.
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Specimen
Ultimate 
Tensile Stress 
(N/mm2)
Tensile
Modulus
(N/mm2)
Relative
Ultimate
Stress
Relative
Tensile
Modulus
0% I.30E 59.0 (0.6) 2565 (10) 1.000 1.000
5% I.30E LS 54.3 (9.2) 2796 (28) 0.920 1.090
10% I.30E LS 53.6 (6.5) 3075 (97) 0.909 1.199
Table 5.2. Average tensile properties and standard deviations (in parentheses) of 
low shear processed Polypox nanocomposites.
Figure 5.10 shows that one 5% sample displayed a higher ultimate stress than the pristine 
polymer and exhibited similar yielding behaviour before failure. This was not the case for 
all specimens and some failed at much lower load, displaying initial linear-elasticity 
followed by brittle failure. The decrease in ultimate stress is probably due to large
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organoclay particles creating stress concentrations; however, this effect is random, as can 
be seen from the large standard deviations in Table 5.2. It follows that by decreasing the 
size o f  organoclay particles and creating a more uniform nanocomposite a higher 
proportion o f  specimens will reach higher loads and display plastic behaviour.
Strain (% )
Figure 5.10. Tensile stress-strain curves o f low shear processed Polypox Nanocomposites.
5.4.1.2. H igh  Shear  Processed  Po ly po x  N anocom posites
In order to reduce the number o f  brittle failures and create specimens that exhibit similar 
plastic behaviour to the pristine material a more uniform nanocomposite was produced 
using a G M M  with glass media. The results are outlined in Table 5.3 and stress-strain 
curves can be seen in Figure 5.11. The tensile modulus increased by 18.7 and 17.8% for 
resin and acetone grinding production methods respectively, while the ultimate tensile 
stress increased by 9.3 and 7.8%. This represents a significant improvement over 5wt% 
nanocomposites manufactured by low shear processing and a reasonable improvement 
over the pristine material. High shear processed specimens show more o f  the yielding 
behaviour displayed by the pristine polymer. The ultimate stress was higher for five o f  the 
six specimens than the pristine polymer and far higher than 5wt% nanocomposites 
produced by low shear.
Specimen
Ultimate 
Tensile Stress 
(N/mm2)
Tensile
Modulus
(N/mm2)
Relative
Ultimate
Stress
Relative
Tensile
Modulus
0% I.30E 59.0 (0.6) 2565 ( 10) 1.000 1.000
5% I.30E LS 54.3 (9.2) 2796 (28) 0.920 1.090
5% I.30E RG 64.5 (4.4) 3046 ( 1 1 ) 1.093 1.187
5% I.30E AG 63.6 (5.0) 3021 (13) 1.078 1.178
Table 5.3. Average tensile properties and standard deviations (in parentheses) of 
high shear processed Polypox nanocomposites.
This was predicted to be the case due to smaller particles not generating significant stress 
concentrations and leading to premature failure. However, tensile modulus o f  specimens 
produced by both grinding methods was also far higher than specimens with the same
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organoclay loading manufactured by low shear mixing. This was probably due to the 
large number o f  small particles becoming exfoliated to a greater extent when processed 
by high shear (Section 4.4). Tensile modulus and ultimate stress standard deviations are 
half that o f  low shear specimens, indicating a higher level o f  repeatability, but remain 
higher than the pristine polymer.
The difference in mechanical properties between the two grinding methods was small. 
Therefore, due to the difficulties involved with acetone grinding, the resin grinding 
technique was used as the standard method to further investigate the use o f  G M M  
methods.
Strain (% )
Figure 5.11. Tensile stress-strain curves o f high shear processed Polypox nanocomposites.
5.4.I.3. Steel  G r ind ing
Results o f  specimens processed with steel grinding media are outlined in Table 5.4 and 
stress-strain curves are displayed in Figure 5.12. Specimens containing 5% organoclay 
show properties almost the same as those produced with glass beads. However, these 
properties are significantly better than those created with low shear processing. This can 
be seen in Figures 5.13 and 5.14 showing relative tensile modulus and strength properties 
o f  nanocomposites processed with high and low shear methods containing various 
organoclay concentrations. Tensile modulus increases linearly with increasing organoclay 
content but to a greater extent in high shear processed specimens. High shear processing 
has influenced the ultimate tensile strength sufficiently so it is greater than the pristine 
material. The increase is greater at 5 than 10% organoclay loading, but remaining higher 
than the pristine material. It is suspected that increased organoclay concentration at 10% 
prevents full separation o f  clay platelets and causes aggregates to form, thus introducing 
stress concentrations like that in low shear processed specimens. This is confirmed by 
XRD analysis o f  specimens with high levels o f  organoclay, indicating that above 7.5% 
specimens show an increasingly intercalated structure.
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Specimen
Ultimate 
Tensile Stress 
(N/mm2)
Tensile
Modulus
(N/mm2)
Relative
Ultimate
Stress
Relative
Tensile
Modulus
0% I.30E 59.0 (0.6) 2565 (10) 1.000 1.000
5% I.30E steel RG 66.2 (0.2) 2930 (12) 1.122 1.142
10% I.30E steel RG 61.6 (2.9) 3298 (17) 1.044 1.286
Table 5.4. Average tensile properties and standard deviations (in parentheses) of 
steel G M M  processed Polypox nanocomposites.
The repeatability o f  these high shear processed nanocomposites was also far better than 
low shear specimens. The standard deviation o f  tensile modulus and ultimate stress 
decreased from 28 to 12 and 6.5 to 2.9 respectively at 10wt% organoclay loading. This 
shows that the material has become more uniform and subject to less random affects from 
large organoclay particles.
Strain (% )
Figure 5.12. Tensile stress-strain curves of steel GM M  processed Polypox nanocomposites.
The use o f  steel grinding media caused a discoloration o f  the resin during processing. The 
discolouration was due to tiny particles o f  metal coming from the impeller and beads 
during the grinding process. This process also occurs with glass beads; however, the glass 
is transparent and inert so should not affect material properties. However, steel may react 
with the resin or substances used to test the durability and permeability o f  
nanocomposites and would become an unknown factor. Steel grinding media offered no 
advantage over glass in terms o f  nanocomposite properties but did cause some problems; 
therefore, the use o f  steel media was halted and glass media was reintroduced. Glass 
grinding media o f  a superior hardness was obtained than the soda-lime glass originally 
used to limit the breakdown o f  the glass beads.
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Figure 5.13. Relative tensile modulus of Figure 5.14. Relative tensile strength of 
Polypox nanocomposites. Polypox nanocomposites.
5.4.1.4. U nm odified  C l a y  N ano co m po sites
Stress-strain curves o f  5% UM C specimens are shown in Figure 5.15 and Table 5.5. 
Tensile modulus increased by 7.7% compared to the pristine polymer, only slightly less 
than low shear processed specimens with the same organoclay loading. Ultimate tensile 
strength remained almost unchanged at 0.997 times the pristine polymer.
Specimen Ultimate Tensile Stress (N/mm2)
Tensile Modulus 
(N/mm2)
Relative 
Ultimate Stress
Relative Tensile 
Modulus
0% I.30E 59.0 (0.6) 2565 ( 10) 1.000 1.000
5% I.30E LS 54.3 (9.2) 2796 (28) 0.920 1.090
5% I.30E RG 64.5 (4.4) 3046(11) 1.093 1.187
5% UMC 58.9 (0.5) 2762 (27) 0.997 1.077
Table 5.5. Average tensile properties and standard deviations (in parentheses) of 
5% UMC specimens compared to other specimens.
The stress-strain curves in Figure 5.15 show that these clay-filled specimens developed 
full plastic behaviour before failure; however, the degree o f  yielding before failure was 
lower than that o f  the pristine material.
Figure 5.15. Tensile stress-strain curves of UMC Polypox specimens.
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I f  there is no clay-polymer interaction there should be little increase in tensile properties 
as the clay layers would be unable to reinforce the matrix. However, there was some 
reinforcement o f  the epoxy matrix that indicates that there must be some stress transfer 
occurring between the two different components, although the mechanisms o f  transfer 
may occur in different ways to that in nanocomposites. It should also be considered that 
the true clay content o f  U M C specimens is 5% while in organoclay it is around 3.75%, 
this makes the U M C specimens appear poorer compared to those o f  organoclay.
5.4.1.5. A lte r n ative  Pr im a r y  Su r fa c ta n t  Or g a n o c la ys
Nanocomposites manufactured with both types o f  primary surfactant organoclay 
displayed similar ultimate tensile strength and modulus (Table 5.6). The large original 
particle size o f  Nanofil 848 organoclay does not affect the final properties once processed 
by GM M. The difference in organoclay CEC and the resulting surfactant density does 
also not appear to have affected mechanical properties. A  range o f  surfactant densities 
must exist that provides sufficient compatibility to generate polymer-organoclay 
interactions, this range seems to cover both organoclays.
These results prove that the assumption made in Section 4.5 regarding high CEC being a 
distinct advantage were erroneous, at least in the case o f  the tensile properties o f  Polypox 
nanocomposites. Similar mechanical properties obtained for both organoclays means that 
either could potentially be used as the main organoclay for experimentation. However, the 
influence o f  surfactant density may affect other properties more than during mechanical 
testing; therefore, I.30E remained as the main organoclay.
Specimen
Ultimate Tensile 
Stress (N/mm2)
Tensile Modulus 
(N/mm2)
Relative Ultimate 
Stress
Relative Tensile 
Modulus
0% I.30E 59.0 (0.6) 2565 (10) 1.000 1.000
5% I.30E 66.2 (0.2) 2930 (12) 1.122 1.142
5% Nanofil 848 66.1 (0.6) 2940 (24) 1.120 1.146
Table 5.6. Average tensile properties and standard deviations (in parentheses) o f high shear 
processed primary surfactant organoclay nanocomposites.
5.4.2. E t h a c u r e  N a n o c o m p o s it e  T e n s il e  T e s t in g
5.4.2.I. L o w  Sh ear  Processed  Eth ac ur e  N anocom posites
Low  shear processed specimen results are highlighted in Table 5.7, tensile modulus 
increased by 5.4 and 12.0% at 5 and 10wt% organoclay loading respectively. However, 
the average ultimate tensile stress decreased significantly with increasing organoclay 
content. The ultimate tensile stress varied widely and covered a large range o f  values. 
Many nanocomposite specimens, and even some pristine polymer specimens, failed 
prematurely and did not display any plastic yielding. The affect o f  organoclay in these
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specimens has a far greater influence over the ultimate tensile stress than in Polypox 
specimens. This polymer has lower fracture toughness and is more sensitive to stress 
concentrations resulting in an increase in premature failures.
Specimen Ultimate Tensile Stress (N/mm2)
Tensile Modulus 
(N/mm2)
Relative 
Ultimate Stress
Relative Tensile 
Modulus
0% I.30E 82.8 (1.4) 2884(18) 1.000 1.000
5% I.30E LS 58.2 (2.5) 3039(15) 0.702 1.054
10% I.30E LS 45.9 (6.7) 3229(107) 0.555 1.120
5% UMC 71.2 (0.9) 2955 (19) 0.859 1.024
Table 5.7. Average tensile properties and standard deviations (in parentheses) of 
low shear processed Ethacure nanocomposites.
5.4.2.2. H igh  Sh ear  Processed  Eth ac ur e  N ano co m po sites
High shear results are highlighted in Table 5.8 and stress-strain curves can be seen in 
Figure 5.16. Tensile modulus has increased slightly compared to specimens produced 
with low shear techniques; however, these increases are not as marked as those seen in 
the Polypox system. Ultimate tensile strength has increased slightly compared to 
specimens produced by low shear, although they are still well below those o f  the pristine 
material. A  comparison o f  tensile modulus and ultimate strength o f  specimens processed 
by low and high shear techniques can be seen in Figures 5.17 and 5.18 respectively. 
These graphs show similar trends to those seen with Polypox specimens but with lower 
variation. Although particle size reduction has taken place to a similar degree in both 
resin systems, Ethacure cannot be reinforced to the same level as Polypox.
Specimen Ultimate Tensile Stress (N/mm2)
Tensile Modulus 
(N/mm2)
Relative 
Ultimate Stress
Relative Tensile 
Modulus
0% I.30E 82.8 (1.4) 2884(18) 1.000 1.000
5% I.30E RG 63.7 (2 .0) 3100 (9) 0.769 1.075
10% I.30E RG 52.2 (5.8) 3303 (7) 0.630 1.145
Table 5.8. Average tensile properties and standard deviations (in parentheses) of 
high shear processed Ethacure nanocomposites.
Strain (% )
Figure 5.16. Tensile stress-strain curves of high shear processed Ethacure nanocomposites.
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This has been discussed in Section 5.2.3.1 with respect to epoxy systems with sub­
ambient glass transition temperatures that can achieve increases many times that o f  the 
pristine material. The Polypox system is more easily reinforced than Ethacure due to the 
lower density o f  cross-linking creating a less rigid material and benefiting from greater 
relative reinforcement. Less dense cross-linking allows clay platelets to align themselves 
more freely in the direction o f  applied stress during testing, although this will still not 
occur to a great degree in a glassy matrix. Ethacure is a densely cross-linked system in 
which any small impurity will generate high stress concentrations, its low fracture 
toughness will subsequently lead to premature rupture o f  the material. It is an inherent 
feature o f  a rigid material that it w ill be hard to reinforce without causing premature 
failure. This has been experienced by researchers such as Yasmin et al. (2003) and 
Kommann et al. (2005) in similar types o f  materials that achieved modest increases in 
modulus and reductions in ultimate stress.
Figure 5.17. Relative tensile modulus of Figure 5.18. Relative tensile strength of 
Ethacure nanocomposites. Ethacure nanocomposites.
The lack o f  annealing, easily performed with extruders (Ellis &  D 'Angelo 2003) or other 
shear devices (Weon et al. 2005) used for thermoplastic production, produces a 
nanocomposite with randomly aligned platelets. This results in lower mechanical 
properties than can theoretically be achieved when platelets are aligned. Any platelet not 
aligned in the stress direction will not contribute to increasing mechanical properties but 
may contribute to stress concentrations and cracking causing premature failure.
5.4.3. P o l y p o x  N a n o c o m p o s it e  Fl e x u r a l  T e st in g
5.4.3.l. Low  Shear  Processed  Po ly po x  N anocom posites
Results are highlighted in Table 5.9 and stress-deflection curves can be seen in Figure 
5.19. Nanocomposite specimens displayed increasing flexural modulus and ultimate stress 
as organoclay content increased; this was accompanied by a slight reduction in strain to 
failure and an increase in the number o f  brittle failures. There was also a reasonable
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increase in the properties o f  UM C specimens, although not as large as those experienced 
by exfoliated nanocomposites. When the weight o f  the I.30E surfactant is taken into 
account the true clay loading in organoclay specimens is 3.75%, therefore making the 
UM C specimens appear poorer.
Specimen
Ultimate 
Flexural Stress 
(N/mm2)
Flexural
Modulus
(N/mm2)
Relative 
Ultimate 
Flexural Stress
Relative Flexural 
Modulus
0% I.30E 91.3 (0.9) 2685 (17) 1.000 1.000
5% I.30E 93.4(1.6) 2891 (57) 1.023 1.077
7.5 I.30E 96.2 (2.5) 3023 (44) 1.054 1.126
10% I.30E 98.3 (0.6) 3212 (40) 1.077 1.196
5% UMC 93.2(1.2) 2809 (73) 1.021 1.046
Table 5.9. Average flexural properties and standard deviations (in parentheses) of 
low shear processed Polypox nanocomposites.
Deflection (mm)
Figure 5.19. Flexural stress-deflection curves of low shear processed Polypox nanocomposites.
5.4.3.2. H igh  Sh ear  Processed  Po ly po x  N anocom posites
Results are highlighted below in Table 5.10 and stress-deflection curves are shown in 
Figure 5.20. The flexural properties have increased significantly compared to specimens 
processed with low shear. These results are as expected due to the improved particle size 
distribution within the specimens. Figures 5.21 and 5.22 show the relative properties for 
both processing methods. The flexural modulus appears to increase linearly with 
increasing clay content; whereas, ultimate stress does not increase significantly between 5 
and 10% when processed with high shear.
Specimen
Ultimate 
Flexural Stress 
(N/mm2)
Flexural
Modulus
(N/mm2)
Relative 
Ultimate 
Flexural Stress
Relative
Flexural
Modulus
0% I.30E 91.3 (0.9) 2685 (17) 1.000 1.000
5% I.30E 102.9 (0.6) 3009 (40) 1.128 1 .12 1
10% I.30E 106.0 ( 1 .1 ) 3447 (20) 1.162 1.284
Table 5.10. Average flexural properties and standard deviations (in parentheses) of 
high shear processed Polypox nanocomposites.
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Figure 5.20. Flexural stress-deflection curves of high shear processed Polypox nanocomposites.
Figure 5.21. Relative flexural modulus of Figure 5.22. Relative flexural strength of 
Polypox nanocomposites. Polypox nanocomposites.
5.4.4. E t h a c u r e  N a n o c o m p o s it e  Fl e x u r a l  T est in g
5.4.4.l. Low  Shear  Processed  Eth ac ur e  N anocom posites
Ethacure nanocomposites show increased flexural modulus (Table 5.11) but to a lesser 
degree than those o f  Polypox specimens. However, they failed at a far lower stress, 0.895 
and 0.901 times the pristine polymer at 5 and 7.5wt% organoclay loading respectively. 
This shows increased sensitivity o f  the Ethacure system to the same sized organoclay 
particles that were applied in Polypox specimens. UM C specimens generated no increase 
in flexural modulus and a reduction in ultimate flexural stress. Increases in flexural 
modulus are similar to those seen by Becker et al. (2002) and would indicate a similar 
organoclay morphology.
Specimen
Ultimate 
Flexural Stress 
(N/mm2)
Flexural
Modulus
(N/mm2)
Relative 
Ultimate 
Flexural Stress
Relative
Flexural
Modulus
0% I.30E 118.0 (0.5) 3037(41) 1.000 1.000
5% I.30E 105.6 (7.5) 3218 (48) 0.895 1.060
7.5% I.30E 106.3 (6.9) 3374 (31) 0.901 1 .1 1 1
5% UMC 112.1 (1.7) 3046 ( 1 1 1 ) 0.950 1.003
Table 5.11. Average flexural properties and standard deviations (in parentheses) of 
low shear processed Ethacure nanocomposites.
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5.4.4.2. H igh  Shear  Processed  Eth ac ur e  N anocom posites
Flexural properties are outlined in Table 5.12 and stress-deflection curves are shown in 
Figure 5.23. Flexural modulus has not increased significantly compared to low shear 
processed specimens. However, the smaller primary particles have increased the ultimate 
flexural stress but to a level still lower then the pristine polymer. It would be expected 
that flexural modulus would increase after high shear processing due to superior 
organoclay morphology, like that achieved during tensile testing. However, this is not the 
case and may be due to the loading arrangement and stress distribution during flexural 
testing being dependant on more than tensile properties.
Specimen
Ultimate 
Flexural Stress 
(N/mm2)
Flexural
Modulus
(N/mm2)
Relative 
Ultimate 
Flexural Stress
Relative Flexural 
Modulus
0% I.30E 118.0 (0.5) 3037 (41) 1.000 1.000
2% I.30E 117.5(1.5) 3101 (39) 0.996 1.021
5% I.30E 96.1 (13) 3222 (55) 0.814 1.061
10% I.30E 82.0 (4.2) 3491 (88) 0.695 1.149
Table 5.12. Average flexural properties and standard deviations (in parentheses) of 
high shear processed Ethacure nanocomposites.
Figure 5.23. Flexural stress-deflection curves of high shear processed Ethacure nanocomposites.
5.4.5. Ex ch em  N a n o co m po site  Fle x u r a l  Testing
Flexural properties o f  Exchem nanocomposites processed by high and low shear are 
shown in Table 5.13. The high shear specimens display a slightly higher flexural modulus 
and strength than those processed with low shear. The relative properties are similar to 
those o f  Ethacure at 5% organoclay but vary at higher organoclay loading. The poorer 
organoclay dispersion, especially at higher organoclay loading, decreases the properties 
o f  these predominately intercalated nanocomposites.
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Specimen Ultimate Flexural 
Stress (N/mm2)
Flexural Modulus
(N/mm2)
Relative Ultimate 
Flexural Stress
Relative Flexural 
Modulus
0% DOE 111.7(1.6) 3173 (45) 1.000 1.000
5% LS DOE 81.6 (7.4) 3233 (52) 0.731 1.019
7.5% LS I.30E 63.7 (5.5) 3302 (44) 0.570 1.041
10% LS I.30E 54.0 (6.8) 3314(60) 0.483 1.044
2% HS I.30E 109.4(1.1) 3246 (56) 0.979 1.023
5% HS I.30E 85.3 (6.6) 3337 (21) 0.764 1.052
10% HS I.30E 63.3 (6.9) 3397 (98) 0.567 1.071
Table 5.13. Average flexural properties and standard deviations (in parentheses) o f Exchem 
nanocomposites processed by high (HS) and low (LS) shear.
5.4.6. DEH N an o co m po site  Fle x u r a l  Testing
Flexural properties of DEH nanocomposites processed by high and low shear are shown 
in Table 5.14 and high shear processed specimen stress-deflection curves are displayed in 
Figure 5.24. The increases in flexural moduli are relatively large compared to Ethacure 
and Exchem specimens, especially considering the high initial polymer stiffness. This 
indicates that polymer-organoclay compatibility may be higher and thus generating 
significant stress transfer or superior organoclay exfoliation may exist. However, ultimate 
flexural stress decreases to a similar level as that seen in the Ethacure system, this highly 
glassy system is sensitive to stress concentrations and will fracture more easily than the 
Polypox system.
Specimen Ultimate Flexural 
Stress (N/mm2)
Flexural Modulus 
(N/mm2)
Relative Ultimate 
Flexural Stress
Relative Flexural 
Modulus
0% I.30E 124.0 (7.8) 3471 (52) 1.000 1.000
5% LS I.30E 75.4 (3.6) 3807 (81) 0.608 1.097
10% LS I.30E 65.2 (5.5) 3903 (105) 0.526 1.124
5% HS I.30E 107.7(1.1) 3852 (55) 0.869 1.110
10% HS I.30E 83.2 (2.7) 4174 (31) 0.671 1.203
Table 5.14. Average flexural properties and standard deviations (in parentheses) o f DEH 
nanocomposites processed by high (HS) and low (LS) shear.
Figure 5.24. Flexural stress-deflection curves o f high shear processed DEH nanocomposites.
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5.4.7. Po ly po x  N an o c o m po site  C om pressive  Testing
Compressive results o f  high shear processed Polypox nanocomposites are shown in Table
2.15 and stress-extension curves in Figure 2.25. Compressive modulus increases almost 
linearly with increasing organoclay content achieving a 26% increase at 10% organoclay 
loading, consistent with results published by Massam & Pinnavaia (1998). While UM C 
specimens only showed a small increase at higher true clay content, also consistent with 
previous research. The ultimate compressive stress showed smaller increases than those 
o f  tensile or flexural properties and less proportionality to clay loading, resulting in an 
apparent optimum organoclay loading between 5 and 10%.
Specimen
Ultimate 
Compressive 
Stress (N/mm2)
Compressive
Modulus
(N/mm2)
Relative Ultimate 
Compressive 
Stress
Relative
Compressive
Modulus
0% I.30E 79.6 (0.3) 2158 (15) 1.000 1.000
2% I.30E 80.0(1.0) 2237 (30) 1.005 1.037
5% I.30E 83.0 (0.7) 2420 (27) 1.043 1 .12 1
10% I.30E 83.8 (0.2) 2719(12) 1.053 1.260
5%UMC 80.3 (0.2) 2231 ( 12) 1.008 1.034
Table 5.15. Average compressive properties and standard deviations (in 
parentheses) of high shear processed Polypox nanocomposites.
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5.4.8. Eth acure  N an o c o m po site  com pressive  testing
Compressive results o f  high shear processed Ethacure nanocomposites are shown in Table
5.16 and stress-extension curves in Figure 5.26. Compressive modulus increases linearly 
with organoclay content, but with relative increases around 50% that o f  Polypox 
specimens. Ethacure and Polypox pristine compressive moduli are quite similar, which 
seems to indicate that nanocomposite compressive properties are less reliant upon original 
polymer properties than tensile or flexural properties. The compressive stress is increased 
slightly and there appears to be a greater level o f  proportionality to organoclay loading 
than in Polypox specimens.
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Specimen
Ultimate 
Compressive 
Stress (N/mm2)
Compressive
Modulus
(N/mm2)
Relative 
Ultimate Stress
Relative
Compressive
Modulus
0% I.30E 113.4 (0.6) 2312 (2 1) 1.000 1.000
5% I.30E 117.9 (0.2) 2435 (32) 1.039 1.053
10% I.30E 120.5 (0.8) 2563 (32) 1.063 1.109
Table 5.16. Average compressive properties and standard deviations (in parentheses) of high
shear processed Ethacure nanocomposites.
Figure 5.26. Compressive stress-extension curves o f high shear 
processed Ethacure nanocomposites.
5.4.9. Exch em  N ano co m po sites
Compressive results o f  high shear processed Exchem nanocomposites are shown in Table
5.17 and stress-extension curves in Figure 5.27. Once again, the relative compressive 
modulus increases proportionally with increasing organoclay content but the ultimate 
compressive strength reaches an apparent maximum at around 5%. The disordered 
intercalated morphology o f  this system does not seem to impair the relative properties 
when compared to a better exfoliated system with similar initial compressive modulus, 
such as Ethacure. Although small, these properties seem to contradict some previously 
published work indicating that little improvement in compressive properties can be 
achieved with intercalated specimens (Zerda & Lesser 2001). However, this system has 
been shown to have a morphology that has advanced beyond that o f  ordered intercalation 
and it would be expected that some improvement would be generated in compressive 
properties when a stiff filler phase is added.
Specimen
Ultimate 
Compressive 
Stress (N/mm2)
Compressive
Modulus
(N/mm2)
Relative 
Ultimate Stress
Relative
Compressive
Modulus
0% I.30E 92.8 (1.5) 2569 (39) 1.000 1.000
5% I.30E 99.3 (0.8) 2722 (43) 1.070 1.059
10% I.30E 100.0 (0.7) 2813 (8) 1.078 1.095
Table 5.17. Average compressive properties and standard deviations (in 
parentheses) of high shear processed Exchem nanocomposites.
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Extension (mm)
Figure 5.27. Compressive stress-extension curves of high shear 
processed Exchem nanocomposites.
5.4.10. Elasto m er ic  N an o co m po site  T ensile  Testing
Results o f  Polypox specimens manufactured with 50% o f  stoichiometric curing agent are 
highlighted in Table 5.18 and Figure 5.28 shows stress-extension curves. It can be seen 
that the pristine material has a yield stress o f  only INmnT2; this is comparable with tests 
conducted by Wang et al. (2000) in which epoxies with sub-ambient glass transition 
temperatures having a yield stress o f  around 0.6Nmm"2 were tested. Although these 
materials are strain-rate dependent, the values do give a reasonable comparison.
Specimen
Pre-strain 
hardening 
stress (N/mm2)
Ultimate
stress
(N/mm2)
Relative pre­
strain hardening 
stress
Relative
ultimate
stress
Relative
stiffness
0% I.30E 0.98 1.55 1.00 1.00 1.00
5% AG I.30E 3.50 5.62 3.57 3.66 3.24
5% UMC 1.46 2.45 1.49 1.58 1.77
Table 5.18. Tensile properties of high shear processed elastomeric Polypox nanocomposites.
The stiffness o f  5% I.30E specimens was 3.24 times that o f  the pristine material, these 
large increases show good agreement with elastomeric specimens tested by Wang et al. 
(2000). The pre-strain hardening and ultimate stress o f  5% I.30E specimens are 3.57 and 
3.66 times the pristine material respectively. These increases are comparable to those 
found by Wang & Pinnavaia (1998) o f  around 3.9 times. The ultimate extension is 
reduced by around 22.5% but 5% nanocomposite specimens still exhibit a high degree o f  
strain hardening as the clay platelets become aligned in the stress direction and can 
contribute more to the ultimate strength o f  the specimen. UM C has also enhanced the 
properties o f  the elastomeric polymer, although the effect is less significant when the 
higher true clay content in UM C specimens is considered.
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Figure 5.28. Stress-extension curves o f elastomeric Polypox specimens.
This series o f  tests shows that the properties o f  a nanocomposite created with the 
materials and processes used, and the resulting clay morphology, is capable o f  
significantly increasing mechanical properties in an elastomeric polymer as often 
displayed in published literature. It can, therefore, be concluded that high shear processed 
specimens tested above give a good account o f  the properties that can be achieved in an 
exfoliated highly glassy engineering nanocomposite.
5.5. D is c u s s io n  a n d  C o n c l u s io n s  o f  P o l y m e r -N a n o c o m p o s it e  
M e c h a n ic a l  P r o p e r t ie s
The mechanical properties o f  polymer nanocomposites appear to be dependant upon a 
number o f  factors. Most importantly the macroscale organoclay dispersion, nanoscale 
clay platelet distribution, properties o f  the pristine polymer and the level o f  compatibility 
and subsequent stress transfer between the two materials.
Macroscale organoclay dispersion has been shown to greatly affect ultimate strength 
properties. Increasing organoclay dispersion forms a more uniform material that w ill 
generate fewer stress concentrations resulting in higher ultimate stress and thus develop 
the same yielding behaviour as the pristine material. Organoclay dispersions in low  shear 
processed specimens have been shown to be highly aggregated (Section 4.4.3.4) resulting 
in premature failure in all specimens during both tensile and flexural tests. Increased 
dispersion quality has been shown to improve the ultimate strength o f  all specimens. The 
increased level o f  macroscale dispersion from high shear processing also results in 
increases in nanoscale morphology. By increasing the number o f  smaller particles the 
surface area for platelet exfoliation increases. The combination o f  increased nanoscale
and macroscale dispersion results in increased modulus for all high shear processed 
specimens when tested in tension, and to a lesser extent flexure and compression.
Exchem specimens displayed the poorest mechanical property improvements and are also 
known to have the poorest clay m orphology (Section 4.3.4.6), best characterised as 
disordered intercalation. This behaviour fits w ell with the perceived nature o f  intercalated 
and exfoliated nanocomposites. Although, increases during compressive testing were o f  a 
similar magnitude to Ethacure specimens due to the less significant effect o f  morphology  
and lack o f  stress concentration induced failure when tested in this way.
The remaining polymer systems all appear exfoliated by  X R D  and display relative 
properties consistently in excess o f  double those o f  the Exchem system. D E H  specimens 
exhibit greater mechanical property enhancements than Ethacure that might be due to a 
superior level o f  exfoliation, although they have generally shown poorer morphology, or 
increased stress transfer at the interface. It might be expected that the lower initial 
stiffness o f  the Ethacure system would result in greater relative increases; however, the 
D E H  system shows that this factor m ay be offset by  one o f  the factors mentioned above. 
The low  levels o f  reinforcement and the generation o f  stress concentrations makes 
increasing mechanical properties difficult due to the highly glassy nature o f  these 
systems. This glassy nature results in a lack o f  polymer chain mobility and conformation 
when stressed, leading to brittle failure rather than realignment and increased ultimate 
stress as seen in the lower modulus Polypox system. W h ile  the high modulus o f  the 
pristine polymer provides less scope for organoclay to reinforce the polymer due to the 
naturally high level o f  polymer restraint arising from frequent cross-linking.
Polypox specimens display the greatest property improvements but do not posses an 
obviously superior morphology. This might be due to a high level o f  polymer-organoclay 
compatibility increasing stress transfer and might also be explained by  the base properties 
o f  this system. The Polypox system is less glassy and more elastic, resulting in greater 
modulus improvements being achieved in this system due to the relative stiffness o f  the 
base resin and clay platelets. W h ile  improvements in strength occur because stress 
concentrations do not cause premature failure in this more elastic system with a greater 
fracture resistance. This can be seen more prominently when elastomeric nanocomposites 
were tested and exhibited large property increases compared to the pristine material. This 
is comparable to the properties o f  some thermoplastics where large property increases are 
generated but accompanied by  large reductions in strain to failure.
Chapter 5: Mechanical Properties o f  Polymer-Nanocomposites
Chapter 5: Mechanical Properties o f  Polymer-Nanocomposites
The loss o f  ductility in all specimens could be detrimental when applied to engineering 
composites i f  the strain to failure were to decrease below  that o f  the fibre. This m ay lead 
to matrix dominated failure mechanisms without developing the full strength o f  the fibre 
and thus significantly decrease the strength o f  the composite. This would not occur in all 
specimens as many achieved a strain o f  higher than 2.5%, the approximate strain to 
failure o f  E-glass. However, having an increasingly brittle matrix, even i f  strain to failure 
is greater than the fibre, would not be recommended. The properties o f  a matrix after 
being in service could become further reduced and the increasingly brittle nature could 
reduce other properties o f  the composite such as impact strength.
The modulus improvements generated here would not be sufficient to warrant the 
application o f  nanocomposites into a fibre-composite based on a law  o f  mixtures 
approach i f  the mechanical properties alone are altered. For the application to become 
beneficial the mechanical properties o f  a fibre-composite w ill have to be altered in 
additional ways to that predicted by  the law  o f  mixtures, or other beneficial properties 
such as barrier, thermal or shear properties would have to be improved.
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Chapter  6:
M ec h an ic al  Properties of Fibre-
N anocom posites
6.1. I n t r o d u c t io n
The influence o f  organoclay on mechanical properties o f  fibre-reinforced polymers is 
investigated in this chapter. The effect o f  organoclay on the mechanical properties o f  
polymers was investigated in Chapter 5 and w ill be used to help inteipret the results o f  
fibre-nanocomposite specimens during this chapter. This should reveal how  organoclay 
can affect the mechanical properties o f  fibre composite materials used within the civil 
engineering industry and whether the changes may prove advantageous over current 
materials. Background material relating to relevant aspects o f  failure analysis and 
composite fracture mechanics is presented, followed by  a review o f  literature discussing 
the influence o f  interfacial shear strength (IS S ) on composite properties. W o rk  that has 
been carried out by  other researchers into fibre-nanocomposites is reviewed, followed by  
results o f  tests conducted during this study on fibre-nanocomposites to evaluate their 
mechanical properties.
6.2. B a c k g r o u n d  t o  C o m p o s ite  B e h a v io u r
6.2.1. In t ro d u c t io n
Organoclay can cause a composite material to change in many ways due to alterations in 
the matrix or interphase. Modification o f  matrix strain to failure, fibre-matrix adhesion 
and fracture toughness can illicit significant changes in composite behaviour due to 
changing the failure mechanism o f  the laminate. Some important factors are briefly  
reviewed to highlight the possible effects o f  organoclay in fibre-composites.
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6.2.2. L o n g itu d in a l T en s ile  S t r e n g th
The failure mechanism o f  a composite w ill depend, amongst other factors, on the relative 
strain and stiffness o f  the fibre and matrix. The constituent with the lower ultimate strain 
w ill fail first and thus derive different failure mechanisms and strengths (Rodopoulos 
2000). In most polymer composites a matrix is used that has a far higher ultimate strain 
than the reinforcing phase; however, this is not the case in all composites or when the 
matrix phase has been modified.
Combinations o f  materials where the matrix failure strain is lower than the reinforcing 
phase are not favourable. The ultimate properties o f  the fibre are not being fully utilised 
and ultimate strength is partly dependant upon the properties o f  the matrix. It has been 
seen during mechanical testing that the strain to failure o f  epoxy nanocomposites can be  
significantly reduced (Section 5.4), sometimes to values lower than the ultimate strain o f  
glass or even carbon fibres. Premature matrix failure w ill increase the likelihood o f  
overall composite failure and significantly weaken the laminate.
6.2.3. Fa il u r e  M e c h a n is m
Values quoted for fibre strength are averages based on statistical models. Fibre strength is 
variable between different fibres and along the length o f  single fibres due to inherent 
flaws and discontinuities generated during processing or damage accumulated after 
manufacture, generating a distribution o f  fibre strengths.
Therefore, when load is applied the weakest fibres w ill fail first; at such a break the stress 
carried by  the fibre is distributed to surrounding fibres by  shear through the interface. 
This w ill increase the load applied to surrounding fibres and increase the probability o f  
further fibre failure. The broken fibre w ill transmit no stress at the break but it w ill 
increase as the distance from the fibre break increases to a uniform value a certain 
distance, d, from the break. Shear stress w ill be greatest at the break and decrease to zero 
at the same distance, d, from the break when uniform fibre stress is carried. This reduces 
the load carrying fibre length by  a distance o f  2d, known as the ineffective length, as this 
portion o f  the fibre is unable to reach its maximum strength (Gdoutos 2000a).
These initial fibre breaks can then be  fo llowed by  a number o f  different scenarios 
depending significantly upon ISS and matrix fracture toughness among other factors, the 
two extreme cases are highlighted below .
6.2.3.1. S train  C o n t ro l le d  F a ilu re
A s  load increases more fibre breaks occur, these breaks accumulate and interact until they 
cluster in a region to generate complete failure. Significant fibre-matrix debonding occurs
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as longitudinal cracks form around the fibre that isolate the fracture and prevent matrix 
cracking. This type o f  failure occurs in materials with lower ISS and higher matrix 
fracture toughness, the full fibre strength is developed and failure is controlled by  the 
ultimate strain o f  the fibre (Gdoutos 2000b).
6.2.3.2o Stress C o n c en tr at io n  an d  M atr ix  Cr a c io n g
Fibre failure can generate stresses that are greater then the shear strength o f  the matrix 
and lead to the formation o f  a transverse disc shaped crack around the fibre break. Crack  
propagation w ill be controlled by  matrix fracture toughness and the ability o f  the 
surrounding fibres to arrest its progression. Stress concentrations are generated and when  
fracture toughness is low  a small number o f  these cracks m ay propagate significantly and 
cause complete failure by  initiating further fibre failures and matrix cracking. W hen  this 
situation arises complete failure m ay occur prematurely at a strain lower than the average 
ultimate strain o f  the fibres resulting in lower strength.
6.2.4. F ib r e -M a t r ix  In t e r f a c ia l  P r o pe r tie s
The influence o f  ISS and interphase stiffness on composite properties is significant. 
Composite properties can be greatly influenced by  the interphase and are thus dependant 
on the strength o f  interfacial bonds existing between the fibre and matrix (Asloun et al. 
1989). Stress transfer occurs through shear at the interface and the level o f  shear strength 
and stiffness that can be developed depends on the quality o f  bonding. The quality and 
density o f  interfacial bonds formed w ill be  influenced by  the physical and chemical 
properties o f  the fibre and matrix, resulting fibre-matrix compatibility, size and density o f  
fibre bundles, type o f  fibre sizing, degree o f  fibre treatment and fibre surface roughness, 
among other factors, thus all influencing the ISS that can develop.
Stronger interfaces w ill generally result in greater composite strength and stiffness but 
lower fracture toughness, potentially reducing strength by  the matrix cracking and stress 
concentration controlled failure mechanism described above. Whereas, weaker interfaces 
w ill result in lower strength and stiffness composites but higher fracture toughness 
ensuring strain controlled failure (Gdoutos 2000c).
6.2.4.x In fluence  o f  IS S  on Composite P roperties
The effect o f  ISS has been investigated in relation to a number o f  different composite 
properties by  varying fibre treatment and sizing. Madhukar &  Drzal (1991b) measured 
properties o f  unidirectional carbon fibre composites and observed tensile modulus, 
ultimate stress and failure strain increased by  1.154, 1.457 and 1.26 times as fibre 
treatment was increased. They attributed changes in composite properties to varying 
levels o f  ISS changing the failure mode. They concluded that when ISS is too low  the
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composite w ill fail prematurely due to cumulative weakening arising from areas that 
cannot transfer stress to surrounding fibres. A s  ISS increases the tensile strength and 
strain w ill increase as long as the failure mode is mainly interfacial, this causes broken  
fibres to be decoupled by  parallel fibre-matrix cracking and stress is transferred to 
surrounding fibres. W hen  ISS increases further beyond a critical level the failure mode 
changes because ISS is too high for interfacial debonding and transverse matrix cracks 
form, this causes the composite to fail prematurely.
Similar tests were performed by  Subramanian et al. (1996) using unidirectional carbon 
fibres with different fibre sizing and degree o f  surface treatment. Longitudinal tensile 
testing revealed that fibre treatment 200%  o f  industry standard changed tensile modulus, 
strength and ultimate strain by  1.027, 0.977 and 0.98 times compared to industry standard 
treatment that was attributed to an increase in ISS. Low er than standard fibre treatment 
generated 0.844, 1.091 and 1.26 times the modulus, strength and strain to failure 
compared to industry standard. A  lower stiffness interphase resulted in ineffective fibre- 
matrix stress transfer and resulted in the fibre carrying a lower load at specific strain. The  
overall strain to failure was increased significantly to a value approaching that quoted by  
the manufacturer, which was not attained b y  the other specimens.
These increases are small as would be expected due to the industry standard treatment and 
fibre dominated properties, but these changes indicate how  ISS can influence composite 
properties. These results are slightly different than Madhukar &  Drzal (1991b) in terms o f  
the ultimate strain but strength and stiffness are altered in the same w ay  but to a lesser 
extent. Subramanian et al. (1996) stated that ‘results from the present study, and those 
reported by  Madhukar &  Drzal (1991b) and Ivens et al. (1989) indicate that the 
longitudinal modulus can be significantly varied by  altering the fibre-matrix interphase’, 
this was contrary to the expected behaviour.
Greater changes were observed when the transverse properties were tested. Transverse 
tensile properties with 200%  industry standard treatment changed modulus, strength and 
strain to failure by  0.968, 1.24 and 1.23 times compared to standard treatment, while the 
transverse flexural properties were 0.995, 1.65 and 1.69 times the modulus, strength and 
strain to failure (Subramanian et al. 1996).
They concluded that the change in ISS altered the failure mode o f  the specimen. In 
specimens with lower ISS local splits and debonding reduced the effect o f  stress 
concentrations at fibre breaks, thus increasing ultimate stress and strain, due to isolation 
and decoupling o f  broken fibres leading to strain controlled failure. A s  ISS increased the
superior bonding strength prevents local splits and debonds from occurring causing 
matrix cracks and stress concentrations near fibre breaks that control failure. This causes 
lower strain to failure, low er ultimate stress but a slight increase in modulus due to more 
efficient load transfer.
Similar results have been seen when testing longitudinal composites in tension (Lehmann  
et al. 1985; Ivens et al. 1989, after Subramanian et al. 1996), flexure (M adhukar &  Drzal 
1991b; Lehmann et al. 1985) and compression (Madhukar &  Drzal 1991b) with different 
fibre treatment and sizings. In each case increased properties were attributed to improved  
interphase bonding, also resulting in the failure mode changing from fibre-matrix 
cracking to bulk matrix cracking as the ISS increased.
Shear strength is also affected by  ISS; although matrix dominated, the properties are 
significantly affected by  fibre-matrix interactions (Madhukar &  Drzal 1991a; Lehmann et 
al. 1985). The fracture toughness o f  composites can also in some instances be increased 
by  increasing ISS (M adhukar &  Drzal 1992). Although contrary to the general theory 
described in Section 6.2.4, when a resin with the same fracture toughness is used and the 
ISS increases the overall composite fracture toughness can in some cases increase 
(Madhukar &  Drzal 1991a). Ivens et al. (1989, after Subramanian et al. 1996) also 
concluded that increased surface treatment caused an increased ISS that can result in 
larger strains developing before matrix cracks started to form.
6.2.4.2. Discussion o f  the  In flu en ce  o f  IS S  on Composite P roperties
M uch o f  the experimental research described above encountered a phenomenon whereby
increasing levels o f  surface treatment up to a specific point generated improved 
mechanical properties. A t this point, increased surface treatment resulted in decreased 
strength arising from reduced interfacial and increased bulk matrix cracking leading to 
premature failure (Subramanian et al. 1996; Madhukar &  Drzal 1991b; Lehmann et al.
1985). A  theoretical model formed b y  Gao et al. (1992) considered the effects o f  stress 
concentrations and ineffective fibre length on tensile strength. The model predicted the 
existence o f  an optimum ISS up to which tensile strength m ay be  increased and above 
which strength would decrease. W hen  ISS is lower than this critical value failure is 
controlled by  ineffective length resulting in a global strain controlled failure, and when 
above this value failure is controlled by  matrix cracking and stress concentrations; this 
model seems to agree with the experimental results discussed above.
The controlling factors in the location o f  this optimum value are the relative magnitude o f  
ISS and the matrix shear strength. ISS w ill depend on properties o f  the matrix and
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interfacial bonds formed between the fibre and matrix and, therefore, on the properties o f  
both. W hen  ISS is lower than matrix shear strength failure w ill occur along the interface 
and result in debonding. However, when ISS is higher than matrix shear strength failure 
w ill occur in the matrix, resulting in yielding o f  the matrix and potentially matrix cracking 
with limited interfacial debonding. Matrix fracture toughness w ill control the degree and 
extent o f  cracking that occurs and w ill also have an influence on failure mechanism.
Therefore, increases in ISS can be beneficial while failure remains free from matrix 
cracking and stress concentration controlled failure. In this region be low  the optimum ISS  
value increases in ISS can result in increased stiffness and strength. However, once the 
optimum ISS value has been reached fibre-matrix debonding is prevented or limited and 
matrix cracks and stress concentrations w ill form. This w ill alter the failure mechanism o f  
the composite from global strain control to stress concentration controlled failure, thus 
potentially reducing composite strength. However, organoclay m ay cause changes in 
matrix fracture toughness and other matrix properties might be altered to complicate this 
mechanism or result in unexpected behaviour.
The effect on composite stiffness is less clear and is not always seen to increase greatly. It 
has been suggested that composite stiffness improves with increasing ISS due to more 
effective load transfer from the matrix to the fibre, thus utilising more o f  the load carrying 
capacity o f  the fibre (Subramanian et al. 1996). Essentially, an increase in interphase 
stiffness and ability to efficiently transfer stress. Whatever the true mechanism, 
experimental testing shows improved stiffness with increasing ISS due to enhanced 
surface treatment in many cases. Although, generating an enhanced interfacial stiffness 
does not always occur, and w ill depend on the specific constituents.
6.3. R e v i e w  a n d  D is c u s s io n  o f  P r e v io u s  W o r k
6.3.1. In t r o d u c t io n
The application o f  organoclay to fibre-composites has remained less well investigated 
than many other properties. Considerable research in nanocomposites has been conducted 
in unreinforced thermoplastics where the large property advantages have resulted in 
nanocomposites becoming commercially viable (Section 5.2.2.3). W h ile  research into 
fibre-nanocomposites, where the relative properties o f  matrix and fibre make these small 
property increases less significant, have only begun over the last few  years. Although it 
may be assumed that fibre dominated mechanical properties would be largely unaffected 
by  small changes in matrix properties, any changes to the interphase resulting from the 
addition o f  organoclay by  the mechanisms described in Section 6.2.4.1 m ay alter
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composite properties. Some research has been reported that suggests such increases can 
be achieved.
6.3.2. M e c h a n ic a l  P r o pe r t ie s  o f  F ib r e -N a n o c o m p o s it e s
6.3.2.l. Tensile  Properties
There is a lack o f  reported testing o f  continuous fibre-nanocomposites in either 
thermosets or thermoplastics. However, short chopped strand fibre Polyam ide-6 
nanocomposites tested by  W u  et al. (2001) resulted in significant property increases; 
however, these increases reduced as the weight o f  fibre was increased. A s  the proportion 
o f  6mm glass fibres increased 0, 10, 20 to 30% the relative tensile strength o f  3%  
organoclay nanocomposites reduced to 142, 141, 126 and 111% o f  that o f  the pristine 
polymer, while the relative tensile modulus was reduced to 265, 202, 167 and 142%  
respectively compared to the unfilled material. The reduced influence o f  organoclay upon 
increasing percentage o f  fibres is as expected. The property increases in this polymer are 
significantly greater than in epoxy systems; therefore, potential increases in similar epoxy  
based systems would be small, especially considering the low  fibre content used in these 
experiments.
The addition o f  organoclay to composites with continuous fibres and thermosetting matrix 
will, according to the rule o f  mixtures theory, not generate significant increases in tensile 
properties when loaded parallel to the fibre. Fibre strength and stiffness are far greater 
than those o f  the matrix so only small increases commensurate with the law  o f  mixtures 
theory would be expected. In addition, it is likely that any small increase in properties 
would not be noticeable amongst the random variability generated b y  the inherent non­
homogeneity o f  composite specimens. U sing  this theory organoclay reinforcement o f  a 
composite would increase as the fibres become less dominant and matrix properties 
become more influential. Therefore, in a unidirectional composite, organoclay would  
have increased effect as the direction o f  loading is moved away from parallel to the fibre 
and would be greatest when loaded transverse to the fibre.
However, changes in the fibre-matrix interphase due to high aspect ratio organoclay m ay  
improve or impair stress transfer between the constituents. Increased stress transfer in 
poorly compatible composites undergoing high levels o f  slip m ay generate increased 
stiffness, whereas organoclay m ay impair stress transfer in a system where little slip is 
found and the optimum properties have already been achieved. ISS m ay be altered and 
lead to stronger or weaker interfaces, thus modifying the ultimate strength, debonding 
mechanism and failure mode o f  the composite. It would, therefore, depend upon the
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original properties o f  any particular fibre-composite system as to whether increases, or 
indeed decreases, may be achieved.
Due to the reduced strain to failure exhibited in the majority o f  glassy polym er- 
nanocomposites there exists a possibility that matrix ultimate strain could be  reduced 
sufficiently to alter the fibre-nanocomposite failure mechanism. I f  matrix ultimate strain 
is reduced below  that o f  the fibre then the properties o f  a fibre-nanocomposite w ill be  
significantly altered by  initiating bulk matrix cracking in the laminate. It should be  
ensured that any nanocomposite matrix applied in a composite must have a greater 
ultimate strain than the fibre to ensure this does not occur, as this might mask any 
property alterations arising from an enhanced interphase.
6.3.2.2. Fle x u r a l  Properties
Flexural properties o f  fibre-nanocomposites have been tested and in some cases have 
been reported to generate improvements when compared to the pristine composite; 
however, this does not always occur and a variety o f  responses have been observed.
Kornmann et al. (2005) tested glass fibre laminates with 8 plys o f  satin weave mat with 
Araldite CY225 (D G E B A ) and H Y295 (anhydride based curing agent) and 10%  
organoclay. Non-fibre  polym er specimens were also tested and displayed tensile modulus, 
ultimate stress and elongation at failure 1.54, 0.64 and 0.16 times the pristine material, 
displaying increases in tensile modulus at the expense o f  elongation typical o f  glassy  
polymer-nanocomposites. Whereas, the fibre-nanocomposite displayed increases in 
flexural modulus, strength and strain to failure 1.06, 1.27 and 1.24 times the pristine 
composite respectively. The fibre-nanocomposite exhibited only a small increase in 
stiffness but similar increases in both strength and ultimate strain. These results are in 
contrast to those revealed with the pure polymer and clearly indicate changes that extend 
beyond a law  o f  mixtures approach.
S E M  observation o f  the pristine composite failure surface indicated extensive fibre- 
matrix debonding that was attributed to ‘bad bonding’ . However, after the addition o f  
10w t%  organoclay the fracture surface appeared ‘more ductile’, attributed to increased 
stress transfer induced by  organoclay roughening the fibre surface. The pristine composite 
m ay not have developed the full strength o f  the glass fibres because failure was  
influenced, i f  not controlled, by  fibre-matrix debonding. The average value o f  flexural 
strain quoted for the pristine specimens was 1.6%, this compares to 3.99 and 3.63% for 
Ethacure and Polypox specimens tested during this study. Although the methods o f  
testing were different the equations used to calculate the flexural strain should account
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reasonably w ell for differences in specimen thickness, span and bending arrangement. 
Therefore, this supports the theory that the pristine composite specimens did not achieve 
their optimum properties
It is plausible that increased ISS due to organoclay delayed or prevented the debonding 
type failures observed in the pristine composite, allowing the fibre-nanocomposite to 
develop more o f  the inherent strength o f  the glass fibres by  enabling it to reach further 
towards the fibre ultimate strain. Subsequently, the ultimate strength and strain increased 
in proportion as the material developed further towards the ultimate strain o f  the fibre. 
The small increase in modulus can be attributed mostly to increased interphase stiffness 
and, to a lesser degree, increased matrix stiffness creating a stiffer laminate 
commensurate with the law  o f  mixtures. The improvement in stiffness is small even 
though higher ISS appears to increase strength; therefore, increased ISS does not 
necessarily im ply similar increases in interphase stiffness would be expected to occur
In this case the observed increase in strength may arise due to poor fibre-matrix 
interaction in the original composite causing it not to attain full fibre strain before failure. 
I f  the materials were altered to generate stronger interfacial bonds, increasing ISS, then 
premature failure should not occur and failure would then be controlled by  fibre strain. In 
which case property improvements arising from organoclay would be vastly reduced. 
However, in situations where the optimum ISS is not achieved organoclay could be used 
to increase material properties. A n  alternate theory to explain these increases was one o f  
increased compressive strength; although possible, it is unlikely to be the sole cause due 
to the increased strain in the specimens which cannot be achieved i f  the fibres were  
already reaching their ultimate strain.
A  slightly different behaviour was observed by  Haque et al. (2001) in S2-glass 
composites with Nanom er I.28E (trimethyl octadecyl surfactant) using a S C -15 epoxy  
system (D G E B A  system cured with a cycloaliphatic amine and poly(oxypropylene) 
diamine). They observed flexural strength and modulus 1.14 and 1.24 times the pristine 
material at 1%  organoclay, displaying a significant increase in stiffness and to a lesser 
extent ultimate strength. The nanocomposites were characterised as being w ell 
intercalated with areas o f  clay tactoids. This represents a significant increase at low  
organoclay loading with a m orphology that is not regarded as the most favourable. 
Although the failure mode is not discussed, for all specimens at the point o f  failure a load- 
strain graph shows that the load does not drop instantly, as would be expected with fibre 
fracture, but decreases more gradually suggesting a slow  systematic failure such as 
delamination or debonding (Figure 6.1). Property increases were attributed to increased
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matrix properties and improved fibre-matrix bonding. It is probable that the increased 
properties are developed through increased stress transfer and interphase stiffness creating 
a composite with increased stiffness and developing more o f  the inherent fibre strength.
Displacement (mm)
Figure 6.1. Flexural load-displacement plot o f typical nanocomposite 
specimens, after Haque et al. (2001).
Plain weave carbon fibre-nanocomposites manufactured with Nanom er I.28E and S C -15 
epoxy system were tested by  Chowdhury et al. (2006). A fter adequate post cure the 
flexural strength and modulus increased by  1.14 and 1.09 times for specimens containing 
2%  organoclay (Figure 6.2). Surface analysis o f  pristine failed specimens revealed poor 
fibre-matrix adhesion that caused fibre pullout followed by  fibre breakage. Whereas, at 
2%  organoclay a better level o f  fibre-matrix adhesion was observed and no evidence o f  
fibre pullout was observed. Although no characterisation was conducted, the same 
quaternary surfactant and epoxy system as used by  Haque et al. (2001) would indicate an 
intercalated structure was probably formed.
500
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Figure 6.2. Flexural stress-strain plot o f  typical nanocomposite 
specimens, after Chowdhury et al. (2006).
A  different response to organoclay has been seen in unidirectional glass fibre- 
nanocomposites made from D G E B A  cured Jeffamine D230 with Cloisite 15A (L in  et al. 
2006). They found a slight reduction in flexural strength and increase in flexural modulus 
as shown in Figure 6.3. The increased modulus was attributed to decreased polymer 
mobility at the fibre-matrix interface generating improved stress transfer.
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Figure 6.3. Flexural properties o f fibre-nanocomposite 
specimens, after Lin et al. (2006).
Similar results were achieved by  K im  et al. (2006) with carbon fibre specimens at a 
relatively low  (2 1 % ) volume fraction which showed flexural modulus and ultimate stress 
1.052 and 0.892 times the pristine composite with 5% Nanom er 1.3OP. The changes were  
attributed to the direct action o f  the nanocomposite matrix and changes to interfacial 
properties. Therefore, not all combinations o f  materials have shown large property 
increases and some are significantly smaller indicating that the original properties w ill 
determine whether large increases can be  developed.
Tests conducted using chopped strand fibres have shown some improvements in tensile 
properties (Zhou &  Lee 2003). In these types o f  material the strength and stiffness o f  the 
matrix has a greater influence than in continuous fibre composites; therefore, increasing 
the physical properties o f  the matrix results in greater increases in composite properties.
6.3.2.3. C om pressive  Properties
Composite compressive properties are influenced more by  matrix properties than when  
tested in tension. Little research has been applied to this property o f  fibre- 
nanocomposites; the compressive strength o f  a composite component is often a limiting 
factor in design, for larger scale components, and is therefore a crucial criterion.
A  series o f  experiments were conducted by  Subramaniyan et al. (2003) using specimens 
manufactured in two different ways with a vinyl ester resin and Nanom er I.30E. Firstly, 
by  a vacuum assisted resin infusion method in which resin was drawn through 16 layers 
o f  unidirectional E-glass, and secondly, by  a vacuum assisted wet lay-up method whereby  
12 plys were laid up by  hand. It was suspected that the first method filtered out 
organoclay and resulted in a slight reduction in compressive strength. The second method 
resulted in increases o f  25 and 15% in compressive strength for specimens with 10 and 
15° off-axis fibre orientation respectively when loaded with 5wt% organoclay. Increasing 
the degree o f  off-axis loading appears to increase the compressive strength. This change 
is counterintuitive as the fibre should dominate as loading approaches the direction o f
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fibre alignment. This m ay be an anomaly but m ay also indicate that organoclay is better at 
reinforcing composites when tested in the fibre direction due to prevention o f  fibre 
buckling or other associated mechanisms; however, the law  o f  mixtures would indicate 
otherwise when a simplistic approach o f  the two materials is taken. W hen  the relatively 
low  fibre volume fraction (26% ) is considered the effect o f  the fibre w ill be reduced and 
fibre-nanocomposite properties w ill be increasingly dependent upon those o f  the matrix. 
I f  similar materials were tested parallel to the fibre and at a greater fibre volume fraction 
the improvements generated m ay be significantly reduced.
6.3.2.4. Shear S tren gth
Shear testing b y  axial four point flexure designed to induce mid-plane shearing was 
conducted by  Rice et al. (2001) using Nanom er 1.30E, Epon 862, Shell curing agent W  
and continuous carbon fibres. The results appeared to indicate a slight reduction in shear 
strength with increasing organoclay content above 6wt%  but a slight increase at 3wt%.
Specimens manufactured with an S2-glass and S C -15 epoxy system were tested by  Haque  
et al. (2001). They reported ILSS  increases o f  44.1 and 20.0% compared to the pristine 
polymer at 1 and 2%  organoclay loading respectively, showing an extreme sensitivity to 
clay loading. However, these increases are made more interesting when the morphology  
o f  the nanocomposites tested is considered. The type o f  organoclay used resulted in 
intercalated nanocomposites being formed and was confirmed by  X R D  and T E M  
analysis. The increases in ILSS  are more remarkable when it is considered that 
intercalated specimens were tested and full exfoliation had not been achieved. However, 
the overall strength o f  the specimens was low , pristine epoxy specimens showed an ILSS  
o f  around 25MPa. W hen  complying with the same A S T M  standard using the same span- 
to-depth ratio, E-glass fibres and similar resins, specimens tested in this study displayed 
values around 60-80MPa. Therefore, it is possible that the materials or lay-up method 
used produced a composite that was far from optimum and generated plenty scope for the 
organoclay to improve ILSS  properties.
Similar results were achieved in plain weave carbon fibre-nanocomposites manufactured 
using Nanom er I.28E and S C -15 epoxy tested by  Chowdhury et al. (2006). A fter  
adequate post cure the ILSS  was observed to increase by  1.3 times at 2%  organoclay 
loading. Although no characterisation was conducted, the same quaternary surfactant and 
epoxy system as used by  Haque et al. (2001) would indicate an intercalated structure was 
probably formed.
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Tsai et al. (2006) measured in-plane shear strength by  conducting off-axis compressive 
tests and resolving to transverse normal and shear stresses. They recorded shear strength 
increases o f  24 and 32% at 2.5 and 5% organoclay loading respectively in a glass fibre- 
Epon 828-Jeffamine D -230 system. These increases were ascribed to increases in 
interfacial adhesion between fibre and matrix and are comparable to increases in shear 
strength when testing was conducted by  other methods.
6.3.3. D is c u s s io n  o f  O r g a n o c l a y  R e in f o r c e m e n t  M e c h a n is m
The ability o f  organoclay to improve mechanical properties o f  composites w ill depend on 
the characteristics and failure mode o f  the original system. T w o  typical types o f  
behaviour can be observed for flexural specimens, each occurring due to different failure 
mechanisms in the original system, these being debonding at low  strain and fibre fracture 
at ultimate strain.
6.3.3.l. L o w  Str ain  Fa ilu r e  (F ibre -M atr ix  De bo n d in g )
In situations where fibre-matrix interaction and stress transfer is poor, due to inadequate 
chemical compatibility or substandard fibre sizings for example, failure can occur due to 
debonding under low  stress at the fibre-matrix interface, causing failure due to systematic 
weakening before the fibres have reached their ultimate strain. Although this type o f  
failure is less common, in situations where it occurs the application o f  organoclay could 
be employed to increase fibre-matrix stress transfer and increase the overall strength o f  
the system. It has been suggested that the similarity in structure between organoclay and 
glass fibres results in a strong interaction between the two materials, the organophilicity 
o f  the organoclay surfactant and fibre sizing are comparable and m ay lead to good  
bonding (Kom m ann et al. 2005). The subsequent roughening o f  the fibre surface b y  the 
presence o f  organoclay results in higher levels o f  stress transfer, compensating for poor 
fibre sizings or fibre-matrix incompatibility. This is similar to testing o f  composites with 
different fibre sizing discussed in Section 6.2.4.1. W hen poor initial fibre treatment or 
sizing was used the material properties could be improved by  using superior fibre 
treatment enhancing ISS; this same mechanisms could be responsible for the increases 
seen in some fibre-nanocomposite specimens when the initial composite specimens have 
a less than optimum ISS.
In some cases described above (Haque et al. 2001; Kom m ann et al. 2005) the 
improvements generated with the materials used are impressive. However, i f  suitable 
materials were selected, particularly a better suited glass fibre with suitable sizings to 
interact more effectively with the anhydride matrix, then the full strength o f  the glass 
fibres may have been developed without the need for organoclay. However, in situations
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where insufficient interaction does exist, organoclay may be able to offer a relatively 
simple w ay  to increase the level o f  adhesion.
6.3.3.2. F ibre Fr actu r e  a t  U lt im a t e  Str ain
W ith  a selection o f  materials that form  a fibre-composite that develops the full strength o f  
the fibres there is less potential to increase composite strength by  improving stress 
transfer at the matrix-fibre interface. In theory, the increased strength and stiffness 
observed when testing the pure polym er without fibres should be transferable to fibre 
composites and result in a small increase in strength and stiffness commensurate with the 
law  o f  mixtures theory, and an additional increase due to any decreased polymer chain 
mobility in the interface. However, reductions in strength due to increased ISS generating 
stress concentration and matrix cracking controlled failure m ay occur and would need to 
be investigated on a case by  case basis. Increases in stiffness could be achieved by  
generating a stiffer interphase producing superior interfacial stress transfer but the overall 
strength o f  the fibre has already been achieved and little increase in this area would be  
developed. This type o f  situation has been observed by  Lin et al. (2006) and K im  et al. 
(2006) and represents a more likely scenario for a normal civil engineering composite as 
they typically fail via this mechanism.
6.3.4. N a n o c o m p o s i t e  IS S
The ability o f  fibre-nanocomposites to display increases in fibre-dominated properties 
undoubtedly arises from improvements in the fibre-nanocomposite interphase compared 
to the unfilled fibre-matrix interphase. The modest improvements in polym er strength and 
stiffness are not sufficient to improve the properties to this level when the law  o f  mixtures 
approach is considered. The improvements observed by  researchers investigating the 
effect o f  organoclay are more akin to the changes observed in composites when different 
fibre treatment and sizing are used (Section 6.2.4.1).
The key to increased material properties lie in the original properties o f  the fibre- 
composite system and how  the failure mechanism o f  a particular nanocomposite system is 
different from the pristine polymer. B y  increasing ISS the failure mechanism can be  
altered, this is not always an advantage in a system that already has a good level o f  
interfacial bonding and can result in negative property changes.
However, there are some differences with respect to testing o f  standard composites with  
varying fibre treatment and those with organoclay. W hen  testing standard composites the 
interphase properties may change but the bulk matrix properties, such as fracture 
toughness, w ill remain the same. In a fibre-nanocomposite the interphase properties and 
matrix fracture toughness can both change. This means that the optimum level o f  ISS in a
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standard composite m ay be increased in a fibre-nanocomposite due to increased fracture 
toughness.
Tw o similar models can be used to explain nanocomposite behaviour. The general theory 
described in Section 6.2.4 states that increased strength and stiffness laminates have lower  
fracture toughness, and vice versa, with no optimum ISS value. Therefore, increased 
stiffness in nanocomposite laminates m ay be expected to display a lower strength. 
However, it is commonly seen from the testing o f  polymer-nanocomposites that increased 
fracture toughness can be achieved, attributed to clay layers preventing or reducing crack 
initiation and propagation by  increasing the energy required to negotiate high aspect ratio 
clay layers (L iu  et al. 2005a; Zerda et al. 2001; Tjiu et al. 2004). The production o f  an 
increasingly fracture resistant matrix should allow  the laminate as a whole to progress 
further towards a global strain controlled failure when ISS has been increased.
The more advanced model suggests an optimum ISS exists that separates ineffective 
length (strain controlled) and stress concentration controlled failure mechanisms. On the 
lower side o f  this optimum ISS organoclay increases fibre roughness generating improved  
stress transfer at the interface and reduced polymer mobility, this forms a stronger stiffer 
interface that w ill increase laminate strength and stiffness. This process w ill occur until 
the optimum value is reached and should generate increases in material properties that are 
relative to the increase in ISS. A bove  the optimum ISS organoclay creates an increasingly 
strong interface, increasing stiffness, but b y  preventing fibre-matrix debonding generates 
an increasing amount o f  matrix cracks at fibre breaks, generating stress concentrations 
that result in premature failure and decreased ultimate strength. However, increased 
fracture toughness o f  the nanocomposite matrix may reduce this effect and result in some 
increased material properties in proportion to the increases in nanocomposite fracture 
toughness. However, these increases are likely to be much smaller, due to small changes 
in facture toughness, than those when the original fibre-composite ISS is below  the 
optimum value.
Therefore, fibre-composites with ISS lower than this optimum value would be capable o f  
achieving increases in strength due to organoclay. Whereas, above the optimum value a 
small increase in strength m ay be achieved due to enhanced ISS and fracture toughness, 
with a subsequent decrease once the enhanced fracture toughness is insufficient to prevent 
matrix cracking. However, the fracture toughness may not change or be ineffective at 
increasing overall strength resulting in decreased strength once the optimum value has 
been passed. Although, both before and after the optimum value has been reached
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laminate stiffness m ay continue to increase in line with increasing ISS but this has not 
been observed in all cases.
6.4. E x p e r im e n t a l  T e s t in g  o f  F ib r e -N a n o c o m p o s it e s
6.4.1. In t r o d u c t io n
Fibre-nanocomposite specimens were manufactured and their prominent mechanical 
properties were tested. Tensile tests were conducted to detect any changes in tensile 
properties that m ay indicate a change in stress transfer at the fibre-matrix interface or an 
alteration o f  composite failure mechanism arising from changes in ISS, matrix toughness 
or ultimate strain. Flexural properties were tested to ascertain i f  any improvements could 
be generated in an already well-balanced high fibre volume fraction laminate that fails at 
high ultimate strain instead o f  fibre delamination, and whether the improvements 
increased in proportion with the law  o f  mixtures when the flexural properties o f  polymer- 
nanocomposites are considered. Compressive properties were investigated to ascertain 
whether the relatively large increases in polymer-nanocomposite compressive properties 
could be transferred to fibre-nanocomposites when tested in the direction o f  fibre 
alignment in a high volum e fraction laminate. ILSS  properties were also tested to observe 
the potential properties o f  a w ell balanced high volume fraction laminate.
6.4.2. M e t h o d o l o g y
6.4.2.1. Specim en  M anufacture
Specimens for each different test were cut from laminates produced b y  the two methods 
described in Section 3.3.2. M ost specimens were manufactured to a constant thickness 
(2m m ) and exceptions are stated. Glass fibre specimens contained 8 (Polypox and 
Ethacure) or 6 (Exchem ) layers o f  unidirectional E-glass (300g/m2)  aligned in the same 
direction. The resulting average volum e fraction o f  Polypox and Ethacure specimens was 
0.48 and Exchem specimens 0.43. Carbon fibre specimens contained two layers o f  
unidirectional high strength fibre aligned in the same direction with an average volum e  
fraction o f  0.35. Some additional specimens were manufactured using a different E-glass 
(500g/m2) and details are given where appropriate. Nanocomposite specimens were  
manufactured by  the high shear process described in Section 3.2.2.1 unless stated. A ll  
specimens were cured using the appropriate curing cycle for the resin being used (Section 
3.1.4).
6.4.2.2. T ensile  T esting  Ex pe r im e n ta l  Procedure
Tensile tests were based on A S T M  D3039, aluminium end tabs were adhesively bonded  
to 25x200mm specimens. Specimens were tested in an Instron 1175 with 5500R
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controller using a 50mm gauge length extensometer capable o f  recording up to ±10%  
strain.
6.4.2.3. Fle x u r a l  T esting  Ex pe r im e n ta l  Procedure
Specimens were tested in accordance with A S T M  D790 using a three point bending 
arrangement. Span-to-depth ratios for testing highly orthotropic laminates are suggested 
to be above 16d and as high as 32d for highly stiff laminates. Larger spans were found to 
result in deflections that invalidated the standard. Spans found to result in failure at 
reasonable deflection were used for each type o f  specimen; these were found to be 22d 
and 18d for Polypox and Ethacure glass specimens respectively and 30d for carbon fibre 
specimens.
6.4.2.4. Compressive  T esting  Ex pe r im e n ta l  Procedure
Specimens measuring 25x24mm were adhesively bonded into specially made steel 
locating and supporting discs at each end o f  the specimen. Figure 6.4 shows the test set­
up with these discs in place that were used to hold specimens vertically and on the centre 
line o f  the testing machine. U sing a holding device o f  this type ensures that failure occurs 
through the unsupported section because the specimen cannot bend or buckle in the 
supported section. The length o f  the unsupported section is defined by  A S T M  D695 and 
states that slenderness ratios o f  between 12 and 16 should he employed. This corresponds 
to an unsupported specimen length o f  8mm when the average thickness o f  specimens is 
calculated. Specimens were tested at lmm/min until failure using an Instron 1175 with 
5500R controller. Three specimens o f  each type were tested to ensure repeatability.
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Figure 6.4. Experimental setup for compressive testing o f  fibre-composite 
specimens, all dimensions in mm.
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6.4.2.5. In t e r la m in a r  Sh e a r  Str en g th  Ex pe r im e n ta l  Procedure
Tests were conducted in accordance with A S T M  D2344 using specimens 6x25mm. The 
support span was determined from specific span-to-depth ratios given in the standard. The 
loading arrangement and specimen dimensions are shown in Figure 6.5. Specimens were  
tested using an Instron 1175 with 5500R controller at lmm/min until the maximum load 
had been reached and the load carried by  the sample reduced. The apparent interlaminar 
shear strength was calculated in accordance with the standard as shown below .
Figure 6.5. ILSS testing loading arrangement, 
all dimensions in mm.
6.5. R e s u l t s  o f  F ib r e -N a n o c o m p o s it e  T e s t in g
6.5.1. T e n s il e  T e s t in g
6 .5 .1 .1 . G l a s s  F i b r e  N a n o c o m p o s i t e s
Tensile test results o f  glass fibre Polypox, Ethacure and Exchem nanocomposites are 
shown in Tables 6.1, 6.2 and 6.3 respectively. A  similar average ultimate stress has been  
recorded in Polypox and Ethacure pristine specimens due to the same quantity and type o f  
glass fibres and specimen geometry used in each case. However, Ethacure specimens 
show a greater spread o f  results due to a slightly lower fracture toughness producing some 
failures influenced by  matrix cracking and stress concentrations, thus causing increased 
variability. This increased deviation results in Polypox specimens displaying a slightly 
higher average ultimate stress, when in theory Ethacure specimens should record higher 
values when the rule o f  mixtures is applied due to superior matrix properties; however, 
out-lying lower strength specimens have reduced the average value and increased the 
standard deviation. Exchem specimens have a slightly lower ultimate stress due to a 
different number o f  glass laminations and specimen thickness. The difference between 
Polypox and Ethacure specimens shows that the polymer has not had a considerable effect 
on tensile properties, as would be expected for such a fibre dominated property.
Pristine Ethacure specimens display slightly higher average modulus than Polypox due to 
superior matrix properties increasing stiffness in accordance with the law  o f  mixtures and 
generating a stiffer interphase; however, this change is small due to the overwhelming 
influence o f  the fibre and is not o f  statistical significance.
After the addition o f  organoclay Ethacure and Polypox specimens display similar
6.35mm dia
3.2mm dia
d = Beam depth (mm) 
b = Beam width (mm)
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properties while Exchem specimens are more akin to those o f  U M C  Polypox specimens. 
Ethacure and Polypox I.30E specimens display increased modulus most likely due to 
increased fibre-matrix adhesion generating a stiffer interphase, similar properties having 
been observe in a number o f  fibre-nanocomposite specimens (L in  et al. 2006; K im  et al. 
2006) and testing composites with varying fibre treatment and sizing (M adhukar &  Drzal 
1991b; Subramanian et al. 1996). Organoclay is thought to increase fibre roughness, 
bonding surface area and generate confined polymer in these regions thus developing an 
increasingly stiff interphase. The greater increases observed for Polypox specimens are 
probably due to their inferior original mechanical properties allowing organoclay to 
increase their relative properties more than in Ethacure specimens. This results in both 
specimens having an almost identical modulus at 5% organoclay loading. The difference 
in relative property increases have been seen when testing other mechanical properties o f  
these resin systems (Section 5.4).
Specimen
M ax Stress 
(Nmm"2)
Tensile Modulus 
(Nmm'2)
Relative Max 
Stress
Relative
Modulus
Polypox 975 (17) 35890 (650) 1.000 1.000
2%  HS I.30E 935 (33) 36680 (600) 0.959 1.022
5%  HS I.30E 913 (36) 37160 (670) 0.937 1.035
5% UM C 971 (25) 35670 (360) 0.999 0.994
Table 6.1. Average tensile properties and standard deviations (in parentheses) o f 
glass fibre Polypox nanocomposites.
Specimen
M ax Stress 
(Nmm'2)
Tensile Modulus 
(Nmm'2)
Relative M ax 
Stress
Relative
Modulus
Ethacure 974 (20) 36150 (660) 1.000 1.000
2%  HS I.30E 916(45) 36750 (490) 0.941 1.017
5%  HS I.30E 870 (49) 37160 (670) 0.894 1.028
Table 6.2. Average tensile properties and standard deviations (in parentheses) o f  
glass fibre Ethacure nanocomposites.
Specimen
M ax Stress 
(Nmm"2)
Tensile Modulus 
(Nmm"2)
Relative M ax 
Stress
Relative
Modulus
Exchem 949 (23) 37500 (490) 1.000 1.000
2% HS I.30E 892 (46) 37040 (360) 0.941 0.988
5%  HS I.30E 859 (51) 37850 (580) 0.905 1.009
5%  UM C 932 (17) 36910 (570) 0.982 0.984
Table 6.3. Average tensile properties and standard deviations (in parentheses) o f 
glass fibre Exchem nanocomposites.
The increased modulus o f  2 and 5% I.30E Polypox fibre-nanocomposites have 84 and 
95% probability o f  statistical significance respectively; while those o f  2 and 5% I.30E  
Ethacure specimens are less significant with probabilities o f  72 and 90%. Although the 
probabilities at 2%  are low , the greater significance at 5% loading and the consistent 
increases indicate that these changes are probably not due to random effects. A ll
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calculations regarding probabilities o f  statistical significance during this study were  
conducted using two sample t-tests to ascertain whether the difference between two mean 
values was simply due to sample variance.
Intercalated Exchem I.30E specimens appear not to generate these increases, presumably  
due to their inferior m orphology and polymer-organoclay bonding, and show almost 
unchanged modulus. Similar results are observed for U M C  Polypox specimens that 
display no change in modulus. The clay particles have no surfactants to engage in 
bonding with the fibre sizing, their size does not result in increased surface roughness or 
bonding areas and generate no confined polymer; therefore, they are unable to increase 
interphase stiffness via any o f  the mechanisms discussed above for Ethacure and Polypox  
specimens.
However, increased fibre-matrix adhesion generating superior interphase stiffness in 
Polypox and Ethacure nanocomposites is accompanied by  a reduction in ultimate stress. 
There is no direct experimental evidence to support the theory that ISS has increased; 
however, it is plausible that increased surface bonding areas and polymer confinement 
w ould generate an increased ISS. However, it is also possible that increased interphase 
stiffness results in a reduced strain to failure and a reduced ISS. In either case it is clear 
that the result is detrimental to the ultimate strength o f  the fibre-nanocomposites tested. 
Both situations w ill be discussed to examine their behaviour.
F ibre-Nanocom posites  A ssuming  Increased  ISS
Due to the already adequate ISS and full fibre strain being developed in pristine 
specimens any further significant increases in ISS are effectively detrimental with these 
specific material combinations. This results in organoclay generating increasingly strong 
interfaces that prevent debonding at fibre breaks and causes transverse matrix cracks to 
form that can lead to stress concentration induced failure at premature strain. Stress 
concentrations caused by  matrix cracking m ay also be exacerbated by  stress 
concentrations arising from the presence o f  organoclay.
The presence o f  an optimum ISS has been suggested (Section 6.2.4.2) and this 
mechanism may be responsible for the reduced ultimate stress as the failure mode 
changes from strain control to matrix cracking and stress concentration controlled failure. 
This apparent optimum ISS has been noted when testing standard composite materials but 
has not been applied to nanocomposites in which the predicted increases in ISS should 
have the same effect but derive from a different source. I f  inferior glass fibres or less 
compatible materials had been used that resulted in ISS below  the optimum value then 
increases in ultimate stress m ay have been observed.
139
Chapter 6: Mechanical Properties o f  Fibre-Nanocomposites
F ibre-Nanocom posites  A ssuming  Decreased  ISS
Increased stiffness, reduced ultimate strain and increasingly brittle failures have been seen 
in polymer-nanocomposites and m ay also occur in the fibre-matrix interphase. This 
theorised reduction in ultimate strain due to the production o f  a brittle interface would  
result in a reduction in the ultimate ISS achievable before failure. I f  a decrease in ISS is 
assumed to occur then the changes in ultimate failure stress are simply due to this lower 
ISS being exceeded before the ultimate fibre strain is achieved. Therefore, increasing 
organoclay loading leads to greater reductions and lower ultimate strength.
However, reductions in ultimate stress and increased brittle failures in pure polymer 
specimens, similar to those witnessed in fibre-nanocomposites, have only been seen at 
higher organoclay loadings (> 5 % ) or when processed by  low  shear. They have not been 
seen in specimens o f  2%  I.30E Ethacure or 5% I.30E Polypox processed by  high shear, 
which show increased stress and ultimate strains that are far greater than experienced in 
fibre-nanocomposites. Therefore, unless there is some significant interplay between  
organoclay and stress induced cracks or the interphase ultimate strain is reduced far more 
than in the pure polymer, it is unlikely that such a reduction in ISS would occur. This is 
especially evident in Polypox specimens that consistently show increased stress and 
modulus with only a slight reduction in ultimate strain, so it is reasonable to expect 
similar properties at the fibre interphase. However, any associated reduction in fracture 
toughness may be more likely to produce the behaviour seen and would therefore be  a 
similar mechanism to that described when the ISS increases.
A  decrease in ISS has not been seen in any previous research (Sections 6.2.4.1 and 6.3.2) 
and is less likely, due to reasons discussed above, but should not be ruled out. Increased 
ISS has been described in many cases and provides a more convincing explanation for 
experimental results; especially during tensile testing where all specimens with an ISS  
lower than that causing matrix crack controlled failure should reach the fibre ultimate 
strain due to long fibre lengths in which stress in the fibre can be increased through shear 
at the interface.
The greater reduction in ultimate stress in Ethacure specimens is likely to be caused by  
the lower fracture toughness compared to Polypox increasing the number and occurrence 
at lower applied loads o f  stress concentration induced failures.
Exchem specimens experience a reduction in ultimate stress but no increase in modulus; 
therefore, organoclay in Exchem specimens has resulted in no apparent change in 
interphase stiffness. This may occur due to increased ISS without the increase in stiffness 
seen in Polypox and Ethacure specimens, decreased fracture toughness or increased stress
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concentrations due to intercalated organoclay. It is not known which mechanism is 
responsible and it m ay be that ultimate stress has reduced without increased ISS, as 
suggested for Polypox and Ethacure specimens, and the mechanism o f  ultimate stress 
reduction m ay be the same in both cases irrespective o f  changes to ISS. However, 
intercalated Exchem specimens have been seen (Section 5.4.5) to display different 
properties to those o f  Polypox and Ethacure and may result in increased ISS without the 
same increase in interphase stiffness.
U M C  Polypox specimens experience no apparent change in ultimate strength because 
neither the fracture toughness nor interphase stiffness, and therefore probably ISS, have 
been altered while the clay particles do not increase stress concentrations, as seen during 
polymer tensile testing (Section 5.4.1.4), sufficiently to derive premature failure.
Concerns discussed in Section 6.2.2 relating to the ultimate strain o f  the nanocomposite 
matrix and fibre should not be an issue with Polypox specimens. Polypox fibre- 
composites display an ultimate fibre strain o f  2.15-2.5% whereas high shear processed 
polymer-nanocomposites displayed far higher ultimate strain, around 4%, when testing 
the pure polymer without fibre reinforcement (Section 5.4.1.2). Therefore, reductions in 
ultimate stress are not occurring as a result o f  bulk matrix failure.
Ethacure polymer-nanocomposite failure strain is seen to be lower than Polypox, around 
2.5% (Section 5.4.2.2), and approaches that o f  the glass fibre, and in some specimens was 
below  2.5%. This introduces the possibility that the average ultimate stress o f  Ethacure 
fibre-nanocomposites m ay have been influenced by  premature matrix failure in some 
specimens. However, taking into account the reductions in Polypox ultimate stress, that 
are not due to premature matrix failure, and considering the lower fracture toughness o f  
Ethacure it is reasonable to expect further reductions in comparison to Polypox  
specimens. Therefore, it is likely that the reductions seen are due to matrix fracture after 
glass fibre breakages that could not be arrested due to increased ISS above the optimum  
level and not due to the matrix ultimate strain.
6.5. l  .2. C a r b o n  F i b r e  N a n o c o m p o s i t e s
The tensile properties o f  carbon fibre Polypox nanocomposites are shown in Table 6.4. 
The tensile modulus increases with increasing organoclay content while the ultimate 
strength appears to remain unaffected. The probability that the increase in tensile modulus 
is o f  statistical significance at 5 and 10% organoclay is 95 and 99% respectively. Fibre 
strain to failure, ~1.4% , is significantly less than polymer-nanocomposite specimens, 
-4 .5 %  and -2 .3 %  at 5 and 10% organoclay respectively. Therefore, failure is controlled
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by  the ultimate strain o f  the fibre and is the same for all specimens, resulting in similar 
strength. There appear to be no premature failures arising from stress concentrations due 
to increasing ISS and/or altered matrix fracture toughness that have been associated with  
glass fibre specimens. The lo w  strain to failure o f  carbon fibre makes this type o f  failure 
less likely as bulk matrix cracks should not be formed at the low  corresponding matrix 
stress.
Increased modulus is attributed to increasing interphase stiffness, due to mechanisms 
described previously, creating a stiffer laminate as organoclay loading increases. This 
combination o f  fibre and matrix did not develop the optimal ISS so stiffness 
improvements could be generated without reducing ultimate properties. This may be due 
to the low  stiffness o f  Polypox combined with high stiffness fibres that provide a large 
difference in relative properties that can be  altered with addition o f  organoclay without 
detrimental effects. Research conducted into composite specimens (Section 6.2.4.1) 
suggested that an increase in ultimate stress m ay also be achieved with increasing ISS, 
this does not appear to be the case with these specimens. However, increased ultimate 
stress was observed to occur only when the original properties were very poor and once 
sufficient surface treatment was provided little increase was achieved. It is likely that 
sufficient adhesion is present in the unfilled specimens so that strain controlled failure is 
achieved. During tensile testing this is not improved due to long fibre lengths in which  
maximum fibre stress can be increased through shear at the interface.
The same fibre combined with different resin systems would have behaved in different 
ways; those forming a stronger interphase or with less disparity in fibre-matrix 
mechanical properties would have seen less impressive property increases, while those 
forming a weaker interphase or a greater disparity in fibre-matrix mechanical properties 
would have generated larger property improvements.
Specimen
M ax Stress 
(Nmm'2)
Tensile Modulus 
(Nmm'2)
Relative M ax 
Stress
Relative
Modulus
Polypox 1093 (93) 67620 (2496) 1.000 1.000
5%  HS I.30E 1102 (51) 70220 (3042) 1.008 1.038
10% HS I.30E 1082 (42) 72180(2569) 0.990 1.067
Table 6.4. Average tensile properties and standard deviations (in parentheses) o f  
carbon fibre Polypox nanocomposites.
6.5.2. Fl e x u r a l  T e s t in g
6.5.2 .l .  G l a s s  F i b r e  N a n o c o m p o s i t e s
Results o f  Polypox and Ethacure fibre-nanocomposite specimens are shown in Tables 6.5 
and 6.6 and Figures 6.6 and 6.7 respectively. Ethacure specimens required a shorter span 
due to lateral thrust at the supports at high deflection invalidating the span used for
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Polypox specimens. This means that Polypox and Ethacure pristine specimens cannot be 
compared; even though stress and modulus calculations take account o f  span the results 
are still slightly different. The inability o f  flexural modulus calculations to equate 
different spans should be considered i f  comparing composite specimens tested under 
different conditions; however, this has not been conducted during testing in this study and 
all specimens o f  one type were tested under the same conditions.
Midspan deflection (mm)
Figure 6.6. Flexural stress-deflection curves o f  glass fibre Polypox nanocomposite.
Both I.30E Polypox and Ethacure specimens display a similar type o f  behaviour to each 
other and to that seen during tensile testing, although with slightly increased properties. 
Increasing organoclay content has resulted in increased flexural modulus displaying 
statistical significance greater than during tensile testing. Polypox specimens again show  
greater increases due to lower original properties and a greater capacity to be reinforced. 
These changes are once again attributed to increased interphase stiffness as discussed 
above but displaying greater increases than during tensile testing. Increased properties 
when tested in flexure are probably due to the nature o f  the loading arrangement 
generating a distribution o f  stresses requiring load to be transferred between laminates 
along the entire sample, changes to compressive properties may also have an impact. 
Flexural modulus increases are far lower than the values o f  some researchers (Haque et 
al. 2001) but similar to others that experienced smaller improvements in modulus 
(Kom m ann et al. 2005); however, similar large increases in ultimate strength were not 
recorded.
Specimen
Max Stress 
(Nmm'2)
Flexural Modulus 
(Nmm'2)
Relative Max 
Stress
Relative
Modulus
Polypox 1104 (32) 26150 (740) 1.000 1.000
2% HS I.30E 1107 (49) 26880 (800) 1.003 1.028
5% HS I.30E 1075 (57) 27240 (860) 0.974 1.041
Table 6.5. Average flexural properties and standard deviations (in parentheses) o f 
high shear processed glass fibre Polypox nanocomposites.
The ultimate strength o f  Polypox specimens shows no change at 2%  and a slight
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reduction at 5% organoclay loading. The mechanism that was reducing ultimate stress 
during tensile testing appears to be present but is sufficiently reduced so that no change is 
registered until 5% loading. During flexural testing o f  pure polymer specimens this 
decreased sensitivity to changes in ultimate properties and failure at larger strain 
compared to tensile testing was also present. This is probably due to the testing 
arrangement and distribution o f  stresses resulting in only small areas o f  the specimen 
being highly stressed that reduces the impact o f  stress concentrations when compared to a 
uniform stress during tensile testing. Possible reasons behind the slight reduction in 
ultimate stress are the same as those discussed above in reference to tensile specimens.
Figure 6.7. Flexural stress-deflection curves o f  glass fibre Ethacure nanocomposite.
Ethacure specimens show greater reductions in ultimate stress than those o f  Polypox, 
most likely due to their lower fracture toughness and increased sensitivity to organoclay, 
but caused by the same reasons as previously described during tensile testing. However, 
the reductions are not as great as seen during tensile testing, most likely due to the same 
reasons as described for Polypox specimens. Ethacure specimens that contained a high 
void content show significant reductions in both modulus and ultimate stress. These 
reductions are greater than those caused by  organoclay and represent a 10%  reduction in 
both strength and modulus that might be experienced using on-site fabrication methods i f  
a relatively high void content is generated.
I f  increases in Ethacure and Polypox ISS remained below  the optimum value, or 
specimen failure occurred by debonding at low  strain instead o f  utilising the full fibre 
strain, then increased strength may have been produced. However, decreasing strength 
indicates that the optimum ISS value has been passed causing failures increasingly 
dominated by stress concentrations, or matrix fracture toughness has been reduced 
initiation premature failure. A ll decreases in ultimate strength and strain are in proportion 
to specimen modulus; this indicates that specimens are failing prematurely, probably due 
to one o f  the two reasons given above.
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Specimen
M ax Stress 
(Nmm'2)
Flexural Modulus 
(Nmm'2)
Relative M ax 
Stress
Relative
Modulus
Ethacure 1232 (38) 19920 (990) 1.000 1.000
2%  HS I.30E 1186(40) 20340 (930) 0.963 1.021
5% HS I.30E 1169 (38) 20670 (927) 0.949 1.037
High void content 1109 (63) 18440 (1060) 0.899 0.926
Table 6.6. Average flexural properties and standard deviations (in parentheses) o f 
high shear processed glass fibre Ethacure nanocomposites.
A n  additional factor that should be considered is that the strain to failure o f  polymer- 
nanocomposites comes close to the values seen in fibre-nanocomposite specimens. 
Specimens o f  pure Ethacure polymer were calculated as having average ultimate flexural 
strains o f  6.75, 5.27 and 3.49% at organoclay loadings o f  0, 2 and 5%. Whereas, the 
average failure stain o f  fibre-nanocomposites have been calculated as 3.99, 3.74 and 
3.68%. The average value for 5% pure polymer specimens is lower than composite 
specimens so it is possible that this has also played a paid in the failure o f  fibre- 
nanocomposite specimens at higher organoclay loadings. However, this factor becomes 
less likely when it is considered that 2%  Ethacure specimens and all Polypox specimens 
displayed higher polymer-nanocomposite ultimate strains but still undergo a reduction in 
strength. Therefore, unless there is some detrimental interaction between these factors as 
they approach their ultimate strain then it should not influence the ultimate failure strain; 
therefore, it becomes more likely that ISS and fracture toughness have played a more 
dominant role.
6.5.2.2. C a r b o n  F i b r e  N a n o c o m p o s i t e s
The results o f  carbon fibre-nanocomposite flexural testing are shown in Figure 6.8 and 
numerically in Table 6.7. Fibre-nanocomposite specimens achieved 10.2 and 9.3%  
increase in flexural modulus and strength respectively, whereas the strain to failure was  
not altered by  a significant amount. The variation in specimen strength and stiffness is 
relatively large and results in a small region o f  overlap between the two types o f  specimen 
(Figure 6 .8). However, the increase is highly statistically significant and represents a large 
increase in a fibre-dominated property.
The mechanisms by  which it is thought these properties increase are discussed in Section
6.5.2.1. The theoretical increases in interphase stiffness and ISS due to enhanced fibre- 
matrix bonding result in property increases that are similar to those experienced by  
Chowdhury et al. (2006) using carbon and slightly lower than those o f  Haque et al. 
(2001) using glass fibres. Chowdhury et al. (2006) experienced similar increases in 
flexural strength and modulus with no increase in ultimate strain; whereas, Haque et al. 
(2001)  observed proportional increases in ultimate strain and ultimate strength.
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Midspan deflection (mm)
Figure.6.8. Flexural stress-deflection curves o f carbon fibre Polypox nanocomposites.
Proportional increases in ultimate strain and strength were also witnessed by Kommann et 
al. (2005) who observed a significant increase in flexural strength but only slight 
increases in flexural modulus. The three studies quoted here displayed differing behaviour 
in each case. Experimentation conducted on carbon fibre specimens in this investigation 
experienced similar properties to those o f  Chowdhury et al. (2006). These variations w ill 
arise due to differences in fibre stiffness and ultimate strain, fibre-matrix bonding, matrix 
properties, changes to interphase bonding and levels o f  exfoliation.
Specimen
Max Midspan 
Deflection 
(mm)
Max Stress 
(Nmm'2)
Flexural
Modulus
(Nmm'2)
Relative 
Max Stress
Relative
Modulus
Polypox 3.23 (0.31) 922 (61) 46348 (3068) 1.000 1.000
5% HS I.30E 3.21 (0.31) 1008 (102) 51074 (2371) 1.093 1.102
Table 6.7. Average flexural properties and standard deviations (in parentheses) o f 
high shear processed carbon fibre Polypox nanocomposites.
Carbon fibre specimens tested by Chowdhury et al. (2006) and in the current 
investigation indicate that strain to failure was not affected by the inclusion o f  
organoclay. This is because the failure o f  these high stiffness laminates was determined 
by the ultimate fibre strain, debonding did not occur at lower strain and cause premature 
failure to reduce strength. Superior fibre-matrix bonding results in a stiffer interphase and 
more efficient stress transfer that allows more load to be carried at specific strain but still 
fails at the same strain resulting in increased load carried at failure. Whereas, failure o f  
lower stiffness high strain to failure glass specimens tested by Kommann et al. (2005) 
was attributed to a debonding mechanism, caused in part by  large deflections. In this case 
increased fibre-matrix bonding results in similar increases in modulus but significantly 
greater increases in strength as increased ISS prevented debonding until greater strains, 
thus increasing the overall load carried by  the specimen.
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It is possible by  delaying debonding through increased ISS the laminate can progress 
further toward failure controlled b y  the ultimate strain o f  the fibre. In cases where glass 
fibre specimens do not fail by  debonding and the ultimate fibre strain controls strength 
then smaller, or no, increase in strength would be expected. D ue to increased stress 
transfer and decreased fibre-matrix slip the modulus might be improved allowing a 
greater load to be earned at specific strain, failure would then occur at the ultimate strain 
o f  the fibre, in the same w ay  as that seen with carbon specimens.
Increased ISS o f  carbon fibre specimens tested here and those o f  Haque et al. (2001), 
Kom m ann et al. (2005) and Chowdhury et al. (2006) do not appear to change the failure 
mode o f  the laminates to one o f  stress concentration controlled failure. Therefore, the 
pristine composite interphase stiffness and ISS is improved but not to a level above the 
optimum value, described in Section 6.2.4.2, that might result in a change in failure mode 
increasing brittle failures and reducing ultimate properties. However, the increased ISS o f  
specimens tested by  Kom m ann et al. (2005) tends to change the failure mode from  
debonding to one o f  strain controlled failure.
6.5.3. C o m p r e s s i v e  T e s t i n g
Compressive properties o f  Polypox and Ethacure fibre-nanocomposites are shown in 
Tables 6.8 and 6.9 respectively. The compressive modulus o f  both pristine polymer 
composites are similar, whereas superior Ethacure matrix properties generate a higher 
ultimate stress. The influence o f  organoclay on compressive properties appears to be  
similar in both systems, resulting in increased modulus and decreased ultimate stress. 
Similar types o f  changes were exhibited during both tensile and flexural testing but the 
increases in modulus are greater and reductions in ultimate strength smaller when tested 
in compression. This is to be expected due to the greater influence o f  matrix properties 
over compressive modulus and because stress concentrations generated by  organoclay do 
not have such an effect when tested in compression. Changes in compressive properties 
probably arise due to increased matrix properties (Section 5.4) and changes in fibre- 
matrix interfacial adhesion altering ISS and interphase stiffness.
Specimen
M ax Stress 
(Nmm"2)
Compressive 
Modulus (Nmm'2)
Relative M ax 
Stress
Relative
Modulus
Polypox 599 (35) 16470 (640) 1.000 1.000
2% HS I.30E 584 (40) 17030 (420) 0.975 1.034
5%  HS I.30E 575 (36) 17710(910) 0.961 1.075
Table 6.8. Average compressive properties and standard deviations (in parentheses) o f  high shear 
processed glass fibre Polypox nanocomposites.
147
Chapter 6: Mechanical Properties o f  Fibre-Nanocomposites
Specimen
M ax Stress 
(Nmm'2)
Compressive 
Modulus (Nm ni2)
Relative M ax 
Stress
Relative
Modulus
Ethacure 687 (31) 16630 (280) 1.000 1.000
2%  HS I.30E 656 (35) 17220 (510) 0.955 1.035
5%  HS 1.30E 643 (45) 17440 (380) 0.936 1.049
Table 6.9. Average compressive properties and standard deviations (in parentheses) o f high shear 
processed glass fibre Ethacure nanocomposites.
Compressive testing o f  polymer-nanocomposites (Section 5.4) revealed increases o f  1.042 
and 1.039 times compressive modulus and 1.121 and 1.053 times ultimate stress for 
Polypox and Ethacure specimens respectively, in each case compared to the pristine 
polymer at 5%  organoclay loading. In contrast to tensile and flexural properties all 
changes to the compressive properties o f  polymer-nanocomposites were advantageous 
and resulted in no premature failures. Therefore, i f  the compressive properties o f  fibre- 
nanocomposites were simply commensurate with the law  o f  mixtures then the modulus 
and ultimate stress should both increase. The modulus o f  fibre-nanocomposites did 
increase; however, the ultimate stress decreased suggesting that additional factors, such as 
changes in ISS, are affecting compressive properties.
A  similar situation m ay be occurring as that during tensile and flexural tests. Compressive  
specimens display increased modulus but a reduction in ultimate stress due to improved  
matrix and interphase properties. It is clear that the increased compressive strength seen 
in polymer-nanocomposites is smaller than the strength reduction due to premature failure 
arising from changes in ISS and reduced fracture toughness.
Therefore, in situations where fibre-matrix adhesion is be low  the optimum value and 
there exists scope to improve interphase properties then organoclay m ay result in further 
property increases as experienced by  Subramaniyan et al. (2003) and seen for carbon 
fibre specimens when tested in flexure.
6.5.4. IN TER LA M IN A R  SH E A R  STR EN G TH  TE ST IN G
Results o f  preliminary ILS S  testing conducted using 6 plys (500g/m2)  are shown in Table  
6.10. These specimens were manufactured using low  shear methods and specimen 
thickness was not controlled as w ell as in later testing; however, calculation o f  ILSS  
normalises for specimen area. The ILSS  undergoes its greatest increase at 2%  exfoliated 
organoclay and subsequently decreases when organoclay loading is increased. Whereas, 
intercalated specimens containing 2%  organoclay show a decreased ILSS , these changes 
are far lower than those seen b y  many other researchers (Chowdhury et al. 2006; Haque  
et al. 2001). Intercalated nanocomposites processed by  low  shear result in impaired ILSS
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due to reduced matrix properties, reductions in ISS and interphase stiffness or a 
combination o f  these factors.
Specimen ILSS (Nmm'2) Relative ILSS
Polypox 52.42 (0.67) 1.000
2% LS I.30E 54.89(1.68) 1.047
5% LS I.30E 54.49 (0.80) 1.039
7.5%  LS I.30E 52.00 (2.62) 0.992
2% LS SE 51.97 (2.00) 0.991
Table 6.10. Average ILSS properties and standard deviations (in parentheses) o f 
low shear processed glass fibre Polypox nanocomposites with 6 plys (500g/m2).
Results o f  Polypox specimens processed with high shear and well controlled specimen 
thickness are shown in Table 6.11 and Figure 6.9. The increases in ILSS  have doubled 
compared to their low  shear processed equivalent and ILSS  at 5% organoclay is 
marginally greater than that at 2%, indicating a slightly different behaviour than 
specimens processed with low  shear.
Specimen ILSS (Nmm 2) Relative ILSS
Polypox 52.91 (1.34) 1.000
2% HS I.30E 58.32 (0.83) 1.102
5% HS I.30E 58.78 (1.12) 1.111
Table 6.11. Average ILSS properties and standard deviations (in parentheses) o f 
high shear processed glass fibre Polypox nanocomposites with 8 plys (300g/m2).
Figure 6.9. ILSS-deflection curves o f glass fibre Polypox nanocomposites.
Results o f  Ethacure specimens processed with high shear are shown in Table 6.12 and 
Figure 6.10. The specimens show a slight increase in ILSS  and little improvement is 
generated after 2%  organoclay loading. Specimens manufactured with a high void content 
display a much inferior ILSS  as would be expected.
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Specimen ILSS (Nmm’2) Relative ILSS
Ethacure 75.88 (2.01) 1.000
2% HS I.30E 80.16(1.16) 1.056
5%  HS I.30E 80.73 (1.43) 1.064
High void content 66.20 (0.79) 0.872
Table 6.12. Average ILSS properties and standard deviations (in parentheses) o f 
high shear processed glass fibre Ethacure nanocomposites with 8 plys (300g/m2).
These increases are still far below  those experienced by Haque et al. (2001) and 
Chowdhury et al. (2006). ILSS  is a matrix dominated property and, therefore, should be 
improved by  increased matrix properties; however, it has also been shown to be 
dependant upon interphase stiffness and ISS (Section 6.2.4.1). Therefore, the observed 
ILSS  increases might be due to improved interphase adhesion. Results from tensile and 
flexural testing suggest that the addition o f  organoclay in glass fibre-nanocomposites 
manufactured during this study might offer increased ISS; however, this cannot be 
confirmed due to reductions in ultimate stress, although a mechanism for this has been 
suggested. Whereas, carbon-fibre specimens have shown evidence that these increases are 
likely and could be occurring.
901
Midspan deflection (mm)
Figure 6.10. ILSS-deflection curves o f glass fibre Ethacure nanocomposites.
ILSS  is a matrix dominated property so the observed increases could result from  
increased bulk matrix properties instead o f  changes at the fibre interphase. However, 
changes in ILSS are greater than any other strength increase observed in pure polymer 
specimens and suggests that these increases arise from a different mechanism. Results 
from tensile, flexural and compressive testing in the current investigation have shown that 
changes to the fibre interphase can alter fibre dominated properties; therefore, it is likely 
that the same ISS changes are capable o f  altering a property controlled more by the 
volumes o f  polymer surrounding the fibres by  stopping the laminations shearing apart.
W hen ILSS-deflection curves are studies there appears to be little stiffness improvement 
in any o f  the samples; therefore, the increase in ILSS may indicate increased ISS that
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could not be observed in flexural and tensile testing due to premature failure that does not 
occur during ILSS  testing. This adds weight to the theory previously proposed regarding 
increased ISS above the optimum level resulting in decreased ultimate strength.
6.6. D is c u s s io n  a n d  C o n c l u s io n s  o f  F ib r e -N a n o c o m p o s it e  
M e c h a n i c a l  T e s t in g
The results o f  fibre-nanocomposite testing indicate that a variety o f  property changes can 
occur that seem to depend heavily on the type and properties o f  the fibre, properties o f  the 
matrix, fibre-matrix interactions, organoclay morphology, organoclay loading and the 
property being tested. It is not surprising that these factors cause such significant changes 
because the type o f  fibre and matrix w ill detennine the original properties o f  the 
composite, organoclay m orphology w ill determine the extent o f  any changes that occur, 
and the type o f  property tested w ill determine the extent to which organoclay w ill alter 
composite properties. However, o f  these factors the type o f  fibre used to form a fibre- 
nanocomposite seems to develop the most significant changes. This is due to the 
significant influence the type o f  fibre has on failure mechanism and fibre-matrix 
interaction.
Polypox and Ethacure glass fibre-nanocomposite specimens appear to display similar 
property changes when all fibre dominated properties were tested (tension, flexural and 
compression), with a different behaviour shown when the property is matrix dominated 
(IL SS ). This suggests that the effect o f  organoclay is similar with these two systems and 
that the effect o f  matrix type is less significant than the type o f  fibre, as seen when testing 
carbon fibre specimens, and organoclay morphology, as seen when testing Exchem  
specimens.
Polypox and Ethacure nanocomposites developed increased stiffness and reduced ultimate 
stress for all properties that are fibre dominated; although ultimate flexural stress in 
Polypox specimens with a low  organoclay loading appear to remain unchanged. The  
improved stiffness is too great to derive from increased matrix stiffness when the law  o f  
mixtures approach is considered. Therefore, it is suggested that changes to interphase 
stiffness as a result o f  increased fibre roughness, bonding surface area and constrained 
polymer in the interphase region are responsible for the observed increases in fibre- 
nanocomposite properties. The compatibility and subsequent bonding between organoclay  
surfactant and fibre sizing has also been suggested to increase interphase bonding that 
might result in more efficient stress transfer at the interface. It is probable that decreased 
ultimate strength o f  glass fibre-nanocomposites m ay derive from increased ISS above an
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optimum value, preventing debonding at fibre breaks and thus causing matrix cracks to 
form that initiate stress concentrations and premature failure.
The ISS o f  glass-fibre pristine composites was high as a result o f  good fibre sizing and 
fibre-matrix compatibility and, therefore, no improvement could be generated without 
exceeding the optimum ISS value. In situations when poor fibre sizing or a lack o f  fibre- 
matrix compatibility are found, the use o f  organoclay might improve properties in a 
similar w ay to that seen with carbon fibres. However, other theories, such as stress 
concentrations caused by  organoclay, changes in bulk matrix fracture toughness or 
decreased ultimate strain o f  the matrix could also cause or contribute to the reduced 
ultimate stress.
The ILSS  o f  glass fibre-nanocomposites increases to a greater extent than any other fibre- 
nanocomposite property and show greater strength increases than any increases seen 
during polymer-nanocomposite testing. This suggests that changes at the interphase are 
again responsible, but the effects are magnified as the fibre itself is not controlling 
strength allowing changes to the interphase to be revealed. It is suggested that increased 
ISS has improved the strength o f  the inteiphase and thus prevents delamination and 
debonding until higher applied load. Short beam shear testing o f  ILSS  does not result in 
fibre fracture but a delamination failure; therefore, increases in ISS above the theoretical 
optimum value would not result in a decrease in strength due to increased matrix cracks at 
fibre breaks because the fibre does not fail. This provides some evidence that ISS has 
been increased and supports the theory used to describe fibre dominated behaviour.
The type o f  fibre used to manufacture a fibre-nanocomposite has a great influence over 
whether improvements can be generated, as can be seen from glass and carbon fibre- 
nanocomposites manufactured with a Polypox matrix. The variation in properties arises 
due to differences between the glass and carbon stiffness, fibre surface and sizing that 
influence fibre-matrix bonding and interaction. It is likely that the differences in fibre 
surface and sizing applied to the fibre w ill have a more dramatic effect as this w ill 
determine the interphase stiffness and ISS. There appears to be an improvement in the 
interphase o f  carbon fibre-nanocomposites used in this study compared to the less than 
optimum interphase properties in the pristine composite. This improvement has not been 
sufficient to pass the optimum value so no negative impact on strength was recorded.
The testing o f  exfoliated, intercalated and clay-filled specimens reveal that it is vital to 
achieve good organoclay morphology in order to improve mechanical properties. It was 
observed in Chapter 5 that pure polymer specimens are sensitive to organoclay
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morphology; however, fibre-nanocomposites appear even more sensitive. This is 
observed with clay-filled and intercalated specimens offering no advantage over the 
pristine composite. However, as with other properties this sensitivity is probably also due 
to macroscale dispersion as the interlayer spacing does not increase much whereas 
dispersion improves significantly after high shear processing.
Mechanical properties o f  Ethacure specimens with a relatively large void content showed  
reductions o f  around 10% in flexural strength, stiffness and ILSS . These results show that 
a fibre dominated property can be significantly influenced by  matrix properties, whereas 
the reduction in ILSS  would be expected due to the reduced cross-sectional area o f  
matrix. A s  would be expected the tensile properties o f  low  void content specimens were  
unaffected (not reported above). The void content o f  these specimens w as not significant 
and would represent a reasonable onsite lay-up. Therefore, in situations where material 
properties are determined in laboratory conditions with macrovoid-free lay-ups it can be  
assumed that similar reductions in strength and stiffness, when loaded in certain ways, 
w ould result when applied on-site. However, due to the high safety factors employed 
during design this should in theory not present any problem.
W hen  manufacturing a composite it is not often considered that the resulting properties 
are lower than those which could be attained due to interphase properties that are less than 
optimum. Customising matrix and fibres to generate the best possible interphase is not 
generally undertaken during materials selection at the design stage. However, this is not 
surprising because as long as the resulting properties are well known adequate design can 
be carried out on the basis o f  these values. It is not necessary to tailor the interphase to 
generate an improvement o f  10%  in stiffness or strength when an extra lamination can be  
added during design to attain the same result. Furthermore, the relatively small 
improvements generated and large safety factors involved make the changes less 
significant. I f  organoclay or altering the fibre sizing or treatment were to be considered 
then a significant amount o f  experimental testing would have to be conducted to 
customise and determine composite properties. This process is likely to be uneconomic 
and it would probably be cheaper to over design the component in question rather than 
attempt to develop a material with only a slight improvement in properties. However, 
experimental testing would only have to be conducted once for each combination o f  
materials and could then be used with confidence as long as none o f  the materials were  
altered.
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7a ,1 I n t r o d u c t io n
The investigation o f  nanocomposite permeability is investigated in Chapter 7 and has 
been split into two parts. The potential to reduce polymer permeability is the main reason 
for this study into organoclay nanocomposites and forms the basis for applying 
organoclay in civil engineering composites. This chapter investigates the permeability o f  
the nanocomposites manufactured during this study and assesses their potential 
application in civil engineering composites.
7a .2. P o l y m e r  P e r m e a b il it y  
7a .2.1. In t r o d u c t io n
Penetrant sorption occurs in two steps, dissolution at the polymer interface followed by  
diffusion through the bulk polymer (M cM aster &  Soane 1989). Organoclay w ill have 
greater influence on the process o f  diffusion; however, during this study overall sorption 
is considered so this term is generally used to describe both stages o f  penetrant uptake. 
Diffusion o f  a penetrant is a process whereby particles are transported by  random  
molecular, Brownian, motion from areas o f  high concentration to areas with lower  
concentration. W hen  equilibrium has occurred all areas w ill have the same concentration, 
although molecules w ill continue to m ove randomly the overall net transfer w ill be zero.
Penetrant sorption in a polymer is controlled by  molecular sized holes and polymer- 
penetrant interactions (Nogueira et al. 2001). The size and density o f  these holes depend 
on the polymer structure, m orphology and cross-link density. W h ile  polymer-penetrant
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interactions depend on sites for intermolecular bonding on the polymer chain with similar 
polarity as those in the penetrant. Penetrant w ill be present in two distinct forms, m obile 
molecules that diffuse through the polymer and immobilised molecules. Molecules can be  
immobilised within the polymer in a separate phase as they accumulate or bond to the 
polymer chain at sites with the required polarity for intermolecular bonding (M cM aster &  
Soane 1989). Therefore, incorporation o f  organoclay, in addition to causing increased 
diffusion pathways (Section 2.9.2.1), m ay change polymer permeability by  altering cross­
link density, polymer constraint and by  providing additional sites for intermolecular 
bonding.
Ta .2 .2 . T r a n s p o r t  M e c h a n i s m s
There exist two limiting mechanisms for the soiption o f  penetrants into polymer 
materials, Ficlcian and Case II sorption. Penetrant uptake w ill be defined by  one o f  these 
mechanisms or fall between these two extreme cases and can be defined as anomalous or 
pseudo-Field an.
7 a .2 .2.i . F i c k i a n  D i f f u s i o n
Fickian (Case I) diffusion is dependant upon the concentration gradient o f  the penetrate 
and is observed when the rate o f  polymer relaxation (polymer segment mobility) occurs 
much faster than the rate o f  penetrant diffusion, i.e. the rate o f  polymer relaxation is not a 
rate determining step in the diffusion process (Peppas &  Brannon-Peppas 1994). 
Diffusion is controlled by  the rate at which the penetrant can diffuse through the polymer 
and the concentration gradient. Therefore, as the penetrant diffuses deeper into the 
polymer the concentration gradient diminishes and the rate o f  uptake slows, causing the 
type o f  uptake shown in Figure 7.1.
Figure 7.1. Fickian sorption uptake behaviour plotted against time and square root o f time.
Fickian diffusion displays the fo llow ing characteristics:
* The weight gain o f  a polymer is linear when plotted against the square root o f  
time for the initial stages o f  a sorption experiment (Figure 7.1).
• The percentage weight gain o f  specimens o f  different thickness is super- 
imposable when plotted against the square root o f  time divided by  specimen
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thickness.
° The rate o f  soiption and desorption are super-imposable when the rate o f  
diffusion is independent o f  concentration.
In 1855 Ficlc adapted Fourier’s equation for heat conduction to describe mass transport 
through materials. Both phenomena occur due to the random motion o f  particles and are 
controlled by  the concentration gradient and a material constant. This formed Fick’s first 
law  o f  diffusion (Equ 7.1) that predicts the rate o f  mass transport in a steady state 
environment when the concentration gradient remains constant.
Fx = - D
\dx j
Equ: 7.1
However, during uptake the concentration gradient w ill vary with time as penetrate enters 
the polymer. This led to F ick’s second law  o f  diffusion that predicts the rate o f  mass 
transport when the concentration gradient changes with time. This equation and aspects 
relating to the theoretical m odelling o f  Fickian diffusion are covered in Section 7A.1.3.
Ficlcian diffusion is commonly observed in systems where there is negligible polymer 
swelling so the relaxation process occurs faster than the rate o f  diffusion, thus polymer 
relaxation does not become a rate determining step (Peppas &  Brannon-Peppas 1994). 
This usually occurs with low  activity penetrants or at low  temperatures, as shown in 
Section 7a . 1.2.5 (Hopfenberg &  Frisch 1969).
7a .2.2.2. C a s e  I I  D i f f u s i o n
Case II, or relaxation controlled, diffusion is characterised by  a constant diffusion front 
m oving through the material with a narrow Fickian precursors ahead o f  the front (Thomas 
&  W ind le  1982). The rate o f  penetrant diffusion occurs at a rate faster than the relaxation 
o f  the polymer so polymer segment mobility becomes the controlling factor (W ind le
1986). This results in the diffusion front m oving at a rate determined by  polymer 
relaxations that are caused by  osmotic pressures from the high volum e o f  penetrant, 
osmotic-pressure-driven deformation (G a ll et al. 1990), instead o f  the rate at which the 
penetrant diffuses through the polymer as in Fickian diffusion.
Figure 7.2. Case II sorption uptake behaviour plotted against time and square root o f time.
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Case II diffusion displays the fo llow ing characteristics (Hui et al. 1987):
• A n  abrupt boundary is observed between areas o f  original glassy polymer with  
zero penetrant and the swollen plasticised relaxed region containing a high  
penetrant concentration.
• The boundary progresses into the polymer with constant velocity causing linear 
mass gain against time plots (Figure 7.2).
• The linear uptake changes only when the velocity o f  the diffusion boundary  
changes or the two diffusion fronts meet at the centre o f  the specimen when no 
additional uptake is recorded.
Reports o f  discrete m oving boundaries in swelling polymer systems were first highlighted 
in 1937 (Scott 1937 after W ind le  1986) but were not classified until A lffe y  (1966) named 
it Case II diffusion. H e observed that an abrupt diffusion front m oved at a constant rate 
through a polymer independent o f  the distance from the surface. I f  sorption mechanism  
were controlled by  diffusion then the boundary front velocity would slow  down as it got 
further from the surface, due to a reduced concentration gradient. However, this shows 
that rate o f  diffusion is not the rate determining step and sorption is controlled by  other 
phenomena occurring at the abrupt diffusion front. The controlling factor is thought to be  
due to ‘time dependant mechanical deformation o f  the polymer in response to the 
thermodynamic swelling stress’ (Thomas &  W ind le  1982), i.e. polymer chain relaxation.
Case II diffusion behaviour has been seen in a number o f  situations; typically, organic 
solvents such as acetone and benzene permeating into polymers such as epoxy. Case II 
sorption results in over 10 times the equilibrium uptake compared to Fickian uptake in the 
same polymer system. There have been no reports o f  Case II sorption behaviour with 
water in glassy epoxy systems, the low  level o f  equilibrium uptake does not generate the 
high osmotic pressures required for Case II sorption.
7 a .2.2.3. A n o m a l o u s  D i f f u s i o n
In many cases the uptake o f  penetrant into a polymer cannot be characterised exactly by  
one o f  these two defining mechanisms. Sorption is often more accurately characterised as 
a combination o f  Fickian and Case II behaviour in which sorption is not completely 
controlled by  a diffusion or relaxation controlled mechanism (Bond &  Smith 2006). This 
type o f  soiption is known as anomalous or pseudo-Fickian diffusion and combines the 
smooth concentration gradient o f  Fickian uptake with the constant diffusion front typical 
o f  Case II sorption. Anom alous diffusion combines these processes having a continuous 
concentration wave m oving into the polymer with decreasing rate and intensity. 
Essentially, the constant abrupt diffusion front o f  Case II diffusion is blurred by  a narrow
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concentration profile due to Fickian behaviour that moves through the polymer. The 
broader this Fickian precursor is the more Fickian the overall behaviour becomes.
Anom alous behaviour can range anywhere between the two defining mechanisms 
depending on the relative physical properties o f  a specific system that w ill determine the 
relative effects o f  diffusion and relaxation processes.
7 a .2.2.4. I d e n t i f i c a t i o n  o f  S o r p t i o n  M e c h a n i s m
The sorption mechanism in most polymer-penetrant systems w ill occur somewhere within 
the Fickian-Case II spectrum. Identifying the type o f  uptake can be conducted by  fitting 
Equation 7.2 to actual sorption curves (Nogueira et al. 2001). Equation 7.2 describes the 
distance, or mass gain, (d) o f  a penetrant after time (7), where k and n are constants. The 
constant n, sorption mechanism factor (S M F ), relates to the sorption mechanism and w ill 
vary from Fickian, n=0.5, to linear Case II, n= 1. Anom alous diffusion can be classified as 
having a value o f  0.5<rc<l depending on the relative level o f  diffusion and relaxation 
controlled processes (Peppas &  Brannon-Peppas 1994). B y  changing the values o f  
constants n (S M F ) and k a best-fit approach can be used to assess the soiption mechanism  
present in a specific system.
d = ktn Equ: 7.2
7 a .2.2.5. C a s e  I I  T e m p e r a t u r e - P e n e t r a n t  A c t i v i t y  I n t e r a c t i o n
The uptake mechanism a certain polymer-penetrant combination w ill exhibit depends on a 
number o f  factors. M ost important are the type o f  polymer and penetrant involved; their 
subsequent interaction, rate o f  diffusion and rate o f  polymer relaxation w ill determine 
which mechanism is displayed. However, these factors are highly dependant on 
temperature and penetrant activity which results in a theoretical interaction that 
determines what type o f  behaviour w ill be displayed. This qualitative interaction (Figure 
7.3), first described by  Hopfenberg &  Frisch (1969), establishes that any polymer- 
penetrant combination can display any type o f  uptake mechanism, ranging from Fickian 
to Case II, i f  a w ide enough temperature and penetrant activity range are employed.
This behaviour occurs due to changes in the relative rates o f  polymer diffusion and 
relaxation as temperature and activity are altered. A  specimen that at room temperature 
displays Case II behaviour, i.e. polymer diffusion occurs quickly and the overall sorption 
rate is determined by  polymer relaxations restricting front velocity, may become 
increasingly anomalous and even reach Fickian behaviour at higher temperatures. A s  the 
temperature raises the rate o f  diffusion increases; however, the same increase in 
temperature results in a proportionately greater increase in the rate o f  polymer relaxation. 
This results in larger steeper Fickian precursors ahead o f  the diffusion front as the rate o f
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penetrant supply cannot be maintained. These larger Fickian precursors can overlap 
earlier in the diffusion process and uptake curves deviate from linear to anomalous earlier 
than at lower temperatures. This process can occur until the glass transition is reached 
whereupon, in theory, the polymer w ill transform to a flexible rubbery material and the 
rate o f  relaxation should vastly reduce and w ill no longer restrict sorption. The reverse 
process can also occur when the temperature o f  a system displaying anomalous uptake is 
reduced and results in increasingly Case II behaviour.
The interaction diagram (Figure 7.3) presents the theoretical transport models that can be  
achieved for most polymer-penetrant combinations. However, some penetrants do not 
achieved a high enough uptake level at equilibrium to evolve the osmotic pressures that 
are required to generate Case II sorption (Hopfenberg &  Frisch 1969). This occurs in 
many polymer-water systems where the equilibrium uptake is be low  5%  and often results 
in no Case II uptake at any temperature or penetrant activity.
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7 a .2.2.6. S o r p t i o n  O v e r s h o o t
Sorption overshoot often occurs at the end o f  Case II uptake whereby the penetrant uptake 
extends beyond the equilibrium value and subsequently reduces to reach equilibrium as 
the excess penetrant is expelled (Figure 7.4). It is thought that excess penetrant is forced 
out after rearrangement o f  polymer chains.
Figure 7.4. Example o f  sorption 
overshoot uptake.
Figure 7.5. Example o f  Super Case II 
uptake.
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7.3. Sorption temperature-penetrant activity interaction 
diagram, after Hopfenberg &  Frisch (1969).
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7 a .2.2.7. S u p e r  C a s e  I I  D i f f u s i o n
Super Case II sorption is a type o f  anomalous uptake that is characterised by  an 
acceleration in sorption rate in the later stages o f  a specimen that had shown well 
established linear uptake (Figure 7.5). This type o f  behaviour was first noticed by  Jacques 
et al. (1974) in experiments with hexane diffusing into polystyrene. It is most commonly  
found in thin specimens, 35 pm thick films were tested by  Jacques et al. (1974), in which  
the initial rate o f  diffusion is low.
T w o  reasons for the presence o f  Super Case II behaviour have been suggested that can 
both occur in varying degrees (W ind le  1986). The first mechanism, known as overlapping 
precursors, is controlled by  the two abrupt diffusion fronts from opposite sides 
approaching the centre o f  a specimen. A s  the two linear fronts approach the areas ahead 
o f  the diffusion front that display a narrow diffusion band with Fickian characteristics 
start to m erge together. This causes the rate o f  sorption to accelerate as the unsaturated 
polymer receives delivery o f  penetrant from two sides. The second mechanism is due to 
differential swelling stresses that develop during the sorption process. Areas o f  saturated 
polymer behind the abrupt diffusion front are rubbery and constrained to the un-swollen  
glassy polymer ahead o f  the diffusion front. This imposes tensile stress on the glassy core 
and compressive stress on the relaxed rubbery polymer surrounding the core. The 
compressive stress in the swollen regions w ill remain relatively constant while the tensile 
stress in the diminishing core w ill increase until the fronts meet. The effect o f  these 
differential stresses is an acceleration in the rate o f  sorption resulting in Super Case II 
phenomena.
7a .2.3. M o d e l l i n g  F i c k i a n  D i f f u s i o n
Fick’s second law  for concentration dependent one-dimensional diffusion over long  
periods o f  time states:
Cx= Concentration of substance at point jc
D“  Diffosivity Equ 7 .4
5 /  5 x 2 ‘- T lm e
x = Distance
The increase in concentration with respect to time ( 8C/8t) is related to the material 
diffusivity and the 2nd derivative o f  concentration with respect to distance. W hen  the 
diffusivity o f  a specimen is known the actual mass gain can be compared to ideal Fickian 
diffusion using Equation 7.5 (A S T M  D5229). This can be used to plot the mass gain once 
the diffusivity is known.
M.
M
— = 1 -  exp -7 .3
Dt ' ° 15 Moo— Maximum moisture content at equilibriumMt = Moisture content at time t j?qU 7 5
h Sample thickness
Provided that sorption follows Fick’s second law  the composite diffusivity can be
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calculated using simple weight gain experiments. Equation 7.6 is applied on the linear 
(Fickian) initial part o f  the weight gain curve (Shen &  Springer 1976).
r
D -  K
h \2
4 M.00 J
m 2~ m x
\2 Moo= Maximum moisture content at equilibrium
h = Sample thickness p ^
/ -  Sample length bqu /.0
w -- Sample width
D  = Composite diffusivity
Mi,2= Mass gain at t, and t2
Another form o f  this equation (A S T M  D5229) that uses a more simplistic calculation o f  
the composite diffusion coefficient is given in Equation 7.7. This equation does not 
include any terms for the width or length o f  the test specimen.
d  = F  
16
M t/Ma \2
4t/h
(
or = K
M th
4
Equ 7.7
The resulting inaccuracy o f  Equation 7.7, due to not accounting for specimen geometry, 
can be seen in Figure 7.6 in which diffusivity has been calculated using both methods for
specimens with increasing aspect ratio.
1.2-1 
-a 1.0-
No geometric 
factor
50 100 150 200 250
Aspect ratio
Figure 7.6. Effect o f  aspect ratio on diffusivity calculation using Equations 7.7 and 7.8.
It can be seen that the difference in diffusivity calculated by  the two equations is greatest 
at low  aspect ratio. Therefore, specimen aspect ratio should be high enough to negate the 
difference when specimen geometry cannot be maintained, and specimens should have 
the same geometry when lower aspect ratios are employed for testing.
7a .3. C o m p o s it e  D u r a b i l i t y  T e s t in g  
7a .3.1. In t r o d u c t io n
The improvement in barrier properties is, for the civil engineer, the main reason w hy  
polymer-clay nanocomposites would be an advantage over currently available matrix 
polymers. Although the increases in mechanical properties are interesting, they are mainly  
associated with the pure polymer and become less significant in a fibre-composite. 
However, the long-term durability o f  composites has always been a subject o f  contention 
among engineers (Porter 1999), even though they have proved to have a high level o f  
durability in a number o f  circumstances when exposed to normal service conditions 
(H o llaw ay  2007; M ufti et al. 2005). For instance, alkali attack o f  glass fibres and
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moisture ingress has continued to generate considerable attention as the use o f  FRP rebars 
in concrete increases. A n y  method o f  reducing matrix permeability w ill decrease moisture 
uptake and the rate o f  alkali attack, thus increasing the service-life o f  a component. A  
nanocomposite has the potential to offer this increase in ban ier properties by  the 
mechanisms discussed in Section 2.9.2.
7 a .3 .2 . B a r r i e r  T e s t i n g  M e t h o d s
Experiments derived for testing the permeability o f  composites and polymers can be  
divided into three distinct categories:
• Gravimetric absorption o f  polymers and composites.
• Moisture diffiisivity testing o f  polymers and composites.
• Post aggressive environment mechanical testing.
7 a .3 .2 .i . G r a v i m e t r i c  A b s o r p t i o n
Specimens o f  known weight are submerged in a liquid or placed in a high humidity 
environment and weighed periodically to determine the mass gain due to penetrant 
uptake. Liquids ranging from water and aqueous based saline or alkaline solutions to 
organic solvents including toluene, methanol and acetone are commonly used. This is the 
most fundamental test and requires no specific equipment other than an accurate balance. 
The mass gain from this type o f  test w ill display Fickian, pseudo-Fickian or Case II 
uptake depending on the type o f  polymer and penetrate being used in each case.
7 a .3.2.2. M o i s t u r e  D i f f u s i v i t y
Specimens o f  known dimensions are placed in a position where they are subjected to a 
water vapour or water pressure gradient. The increase or decrease, depending on the 
position o f  the constituents, in mass o f  the container and specimen is recorded as a 
function o f  time. This can be used to calculate the rate o f  material passing through a unit 
area o f  specimen with known thickness.
7A .3.2.3. P o s t  E n v i r o n m e n t a l  C o n d i t i o n i n g  M e c h a n i c a l  T e s t i n g
Specimens o f  fibre-composite 01* polymer are placed in an aggressive environment for a
specific time. This environment should accelerate the actual conditions that might be  
encountered during the components service life. Water, salt solution or a simulated 
concrete pore solution are commonly used at high temperatures. A fter a specific time the 
reduction in specimen mechanical properties are found by  testing. A  matrix with lower 
permeability w ill allow  less penetrant to reach the fibres, causing less fibre damage and 
fibre-matrix bond breakdown, resulting in superior mechanical properties. This type o f  
testing relies on the degradation o f  the fibres and the matrix-fibre interface to indirectly 
indicate matrix permeability. This type o f  testing is considered in Section 8.3.5.
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7a.4. R e v ie w  o f  N a n o c o m p o s it e  P e r m e a b i l i t y  
7a.4.1. I n t r o d u c t i o n
A ll o f  the above methods have been used for the testing o f  nanocomposite materials by  
various researchers, some o f  which are highlighted below. Research carried out to date 
has predominantly investigated the gas barrier properties o f  thermoplastic materials with  
less but still a significant amount being conducted into water vapour permeability. 
Polyamide (Ranade et al. 2003; W u  et al. 2002), polycaprolactone (Messersmith &  
Giannelis 1995; D i et al. 2005), poly(lactic acid (Chang et al. 2003), polystyrene 
(Menaghetti &  Qutubuddin 2006) and polypropylene (L ee  et al. 2005; Gorrasi et al. 
2003a) have all shown dramatic reductions in gas or water vapour transmission rates.
Nanocomposites have shown great sensitivity to the type o f  organoclay and penetrant 
used to test permeability. Polyurethane nanocomposites (Osm an et al. 2003) were seen to 
undergo dramatic reductions in oxygen barrier properties when Nanofil 32 was used but 
not Nanofil 15, whereas both organoclays displayed good reductions in permeability to 
water vapour. This shows a great sensitivity to factors other than organoclay m orphology  
as these materials appeared identical when assessed by  X R D  and TE M .
The amount o f  published material that describes the possibility o f  permeability reductions 
in epoxy nanocomposites is high; however, the number o f  papers presenting results from  
experimental work is far lower, and o f  these papers only a handful have tested the ingress 
o f  moisture. W h ile  it is common to test the gas barrier properties o f  thermoplastics, as this 
is an important feature for their use, it is not common for this property to be investigated 
with epoxies. Oxygen, or other gases, w ill not engage in intennolecular bonding with any 
species within a polymer and the rate o f  transmission w ill be determined by  free volume, 
cross-link density and any tortuous path created by  organoclay. This represents a more 
basic scenario than the effects that can occur when water is involved, which can bond  
with and disrupt bonding within a polymer. Therefore, a system in which gas permeability 
reductions are achieved cannot be assumed to reduce the permeability to other agents.
7A.4.2. M o i s t u r e  D i f f u s i v i t y
W hen  Toyota researchers (Y ano  et al. 1993) first produced nanocomposites in the early 
1990s, one o f  the interesting characteristics they discovered was the ability o f  
nanocomposites to reduce the permeability o f  the base polymer. They conducted tests into 
the water vapour (Figure 7.7) and gas permeability o f  these materials using a polyim ide 
polymer. The amount o f  water vapour passing through these specimens was vastly 
reduced at higher organoclay loadings, this was also the case for the gas permeability o f  
oxygen and helium. However, they also conducted tests into the water sorption o f
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nanocomposites and found little difference in levels o f  equilibrium uptake; unfortunately 
no comment was made about the rate o f  diffusion.
Figure 7.7. Water vapour permeability o f Polyimide 
nanocomposites, after Yano et al. (1993).
Other early experimentation into nanocomposite permeability was conducted by  
Messersmith &  Giannelis (1995) using a polycaprolactone polymer. Investigation into the 
water vapour permeability o f  these materials using film covered desiccators in a 75% R H  
environment was conducted. The results are reproduced be low  (Figure 7.8) and 
demonstrate a significant reduction in the permeability o f  nanocomposite specimens when  
compared to the pristine material.
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Figure 7.8. Weight gain o f  polycaprolactone film covered 
desiccators, after Messersmith &  Giannelis (1995).
Remarkable results such as these prompted other researchers to try and form  
nanocomposites with other types o f  thermoplastic and thermosetting polymer. This 
experimentation extended to epoxy resins in the mid 1990s when epoxy-nanocomposites 
were first manufactured.
Although the majority o f  thermoplastic polymers have resulted in permeability reductions 
some exceptions have been observed. Ellis &  D ’Angelo (2003) recorded the uptake o f  
toluene into polypropylene nanocomposites and recorded a significant increase at 4wt%
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organoclay loading (Figure 7.9). It was noted that the organoclay m orphology was  
intercalated; however, evidence from T E M  indicated a high degree o f  dispersion which  
appears similar to many other nanocomposites that have resulted in reductions in 
permeability when using similar materials. It was suggested that alterations made to the 
polypropylene polymer by  adding a more crystalline component m ay have been the cause. 
Toluene and other solvents are rarely used to record permeability in thermoplastics and 
water is almost exclusively used. This m ay have led to unfavourable polymer-penetrant or 
organoclay-penetrant interactions that have not been previously tested. This sensitivity to 
polymer formulation, pristine material properties and the type o f  penetrant properties has
been seen in a number o f  different polymers.
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Figure 7.9. Toluene uptake into polypropylene 
nanocomposites, after Ellis &  D ’Angelo (2003).
Less investigation has been conducted into water vapour and gas barrier properties o f  
epoxy nanocomposites; the majority o f  research into these materials has been conducted 
using gravimetric sorption testing. However, some tests have been conducted (K im  et al. 
2004) using a simple D G E B A -m P D A  (phenylenediamine) system with Nanom er 1.3OP 
organoclay, a combination that has been shown by  others to create well-exfoliated  
nanocomposites (Tolle  et al. 2002; Lan et al. 1994; Pinnavaia et al. 1996). Thin film  
( 1m m ) covered desiccators were used to assess the moisture permeability o f  the epoxy  
nanocomposites. Permeability was found to be 0.21 and 0.11 times the pristine polymer at 
organoclay loadings o f  3 and 5wt%  respectively. These values are even higher than those 
predicted by  N eilson ’s tortuous path model (Section 2.9.2.1) and might suggest a different 
mechanism or explanation is responsible for these changes.
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7a .4.3. G r a v i m e t r i c  S o r p t i o n
Gravimetric sorption experiments o f  nanocomposites and their corresponding pristine 
polymers have been employed using a variety o f  resins, curing agents and organoclays.
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Several different penetrants have been used to assess permeability with both water and 
solvents being used. However, mechanisms o f  solvent uptake in polymers are not the 
same as those with water (Section 7a . 1.2), providing different information about the 
processes involved. The limited results from nanocomposite gravimetric sorption tests are 
outlined below , followed by  those obtained with solvents.
7A.4.3.1. W a t e r  A b s o r p t i o n
W ater sorption testing has been conducted by  Zhou &  Lee (2003) using a D G E B A -  
Jeffamine D230-Cloisite 10A (dimethyl benzyl octadecyl ammonium) system. Tests were  
conducted on pure polymer and specimens containing short chopped strand carbon fibres, 
the results are reproduced be low  in Figures 7.10 and 7.11. Organoclay appears to have 
slightly reduced the permeability when compared to the pristine material; however, the 
difference is small and the rate o f  uptake appears similar in all specimens. The test, as 
presented, is not complete because the specimens have not reached equilibrium; although 
this does not affect the rate o f  initial uptake shown, the full picture has not been revealed.
Figure 7.10. Water uptake o f  (■) pure epoxy 
resin, (•) epoxy/3% clay nanocomposite, and 
(a ) epoxy/5% clay nanocomposite in water at 
room temperature, after Zhou &  Lee (2003).
Figure 7.11. Water uptake o f  (■) epoxy+ 
25wt% CF composite, (•) epoxy/3wt% clay 
+25wt% CF composite, and (a )  epoxy/5wt% 
clay +25wt% CF composite in water at room 
temperature, after Zhou &  Lee (2003).
Specimens were characterised as exfoliated by  X R D  but T E M  evidence was not shown to 
further check the level o f  exfoliation or dispersion. There is a lack o f  conclusive results 
proving a substantial reduction in the permeability o f  this combination o f  materials and 
the equilibrium uptake level is not available to assess this characteristic.
Gravimetric sorption was conducted b y  K im  et al. (2004) with a D G E B A -m P D A  
(phenylenediamine) system with Nanom er 1.30 organoclay; a combination that has been  
shown by  other researchers to create well-exfoliated nanocomposites (Tolle  et al. 2002; 
Lan et al. 1994; Pinnavaia et al. 1996). The diffusivity o f  flat plate specimens in a high 
humidity environment were calculated using Fickian and pseudo-Fickian models. The
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diffusivity o f  nanocomposite specimens containing 3 and 5%  L30 were 0.71 and 0.62 
times that o f  the pristine material. Other organoclays were also tested and found to 
produce different diffusivities. One organoclay, Cloisite 20A, achieved a similar 
reduction in permeability but the equilibrium water content was 1.33 times higher than 
the pristine material.
Other combinations o f  materials have been utilised that show no improvement in barrier 
properties o f  epoxy nanocomposites. Becker et al. (2004) conducted research into epoxy  
nanocomposites manufactured from three different epoxy resins, D G E B A  (diglycidyl 
ether o f  bisphenol A ),  T G A P  (triglycidyl p-amino phenol) and T G D D M  
(tetraglycidyldiamino diphenylmethane) cured with Ethacure 100 containing Nanom er 
I.30E organoclay.
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Figure 7.12. Equilibrium water uptake o f  (■) 
D G EBA, (a ) TG AP, and (•) TG D D M  epoxy
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Figure 7.13. Diffusion coefficient o f (■) 
D GEBA, (a ) TG AP, and (•)  TG D D M  epoxy
resin nanocomposites, after Becker et al. (2004). resin nanocomposites, after Becker et al. (2004). 
They have previously shown that this combination o f  materials w ill create well-exfoliated  
nanocomposites providing adequate processing and curing is conducted (Becker et al. 
2002, 2003a, 2003b). However, all three different epoxy nanocomposites failed to 
consistently reduce the permeability o f  the base resin (Figure 7.12). There was also only a 
small reduction in the equilibrium water content but not responding with any linearity to 
organoclay content (Figures 7.13).
Liu  et al. (2005a) achieved small water permeability reductions when testing a T G D D M -  
D D S  (diaminodiphenylsulphone) system manufactured by  direct and high pressure 
impingement mixing, that has been shown to produce an extremely high level o f  
dispersion. A  plot o f  relative diffusion constants calculated from uptake curves o f  
experiments at various temperatures using both processing methods is shown in Figure 
7.14. The reduction achieved using the high-pressure method at 6w t%  is 0.836 times that 
o f  the pristine polymer when tested at 23°C . This is far be low  theoretical reductions and 
those achieved with thermoplastic polymers even though the level o f  dispersion has been
shown to be extremely good in this and previous papers using the same method (L iu  et a l 
2005b). However, mechanical properties such as fracture toughness were reported to 
increase significantly; it seems that epoxy nanocomposite permeability can be much more 
difficult to improve through the use o f  organoclay than in thermoplastics.
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Clay content (%)
Figure 7.14, Relative diffusion constant o f  TGDDM -DDS nanocomposites manufactured by 
direct mixing (DM) and high pressure (HPM) at different temperatures, after Liu et al. (2005a).
Lin et al. (2003) found no change in the water uptake o f  D G EBA-Jeffam ine D2000  
nanocomposites with 10% quaternary surfactant organoclay. However, they noted 
significant reductions in the uptake o f  solvents such as ethanol and toluene.
Some cases have been reported in which highly exfoliated organoclay has been achieved 
but generates increased water uptake. W an g  et al. (2006) manufactured highly exfoliated 
randomly dispersed platelets in a DG EBA-Ethacure 100 system but resulted in greater 
equilibrium uptake while maintaining a similar initial sorption rate as the pristine 
material. This suggests that the rate o f  water sorption through the material was slowed, 
possibly due to a tortuous path being created, but resulted in greater volumes o f  water 
present in the polymer at equlibrium, due to changes in polymer cross-link density or 
additional intermolecular bonding sites on the organoclay. This has been observed in 
many epoxy nanocomposites but would not represent an advantage in civil engineering 
composites. This effect was attributed to the type and amount o f  organic surface 
modification applied, indicating that in some cases a simple tortuous path model does not 
account for all the observed changes.
7a .4.3.2. N o n - E p o x y  P o l y m e r s
Significantly less research has been conducted into other thermosetting polymers; 
however, some papers have been published and have highlighted some interesting 
properties. Polyester nanocomposites containing Cloisite 30B prepared by  Bharadwaj et 
al. (2002)  recorded reductions in oxygen permeability that were commensurate with 
Neilson ’s tortuous path mechanism, this was accompanied by  small reductions in thermal 
properties that are not uncommon in thermosetting nanocomposites. However, these
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specimens were relatively aggregated and consisted o f  large tactoids with clay layer 
separations greater than that detectable by  X R D  as seen in many specimens processed 
with insufficient shear. It is surprising that the poor dispersion observed in these 
specimens resulted in such large reductions in permeability. Even more interesting is that 
tensile modulus was observed to decrease significantly, at 5wt%  organoclay the tensile 
modulus was only 0.3 times the pristine polymer. This was attributed to a reduction in 
cross-link density in the nanocomposite. The reduction in permeability to oxygen w ill be  
vastly different from that when tested with water. I f  this material were tested with water 
then the reduced cross-linking might result in a different, and possibly increased, 
permeability being observed.
Vinyl ester nanocomposites were manufactured by  Shah &  Gupta (2002) and their 
morphology, barrier, thermal and mechanical properties were investigated. They reported 
the diffusivity o f  nanocomposites was 1 .25xl0 '7mm2/s compared to 9 .19xl0“7mm2/s for 
the pristine material, the water uptake curves are reproduced in Figures 7.15 and 7.16. 
This decrease in permeability o f  0.13 times is impressive; however, the rate o f  water 
uptake is actually far higher in the nanocomposite than the pristine material. The  
diffusivity is calculated to be lower in nanocomposite specimens because the 
nanocomposite equilibrium water content is far higher, this factor causes the calculated 
diffusivity constant to be reduced significantly.
The equilibrium water content for pristine and 5wt% nanocomposite specimens are 0.434 
and 1.484% respectively. It is clear that calculated diffusion constants should be  
interpreted carefully due to the equilibrium water content having such a dramatic effect 
on the final value. The figures shown are also difficult to compare as the y-axis uses a 
relative value calculated using the equilibrium water content.
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Figure 7.15. Water uptake o f 5%  vinyl ester Figure 7.16. Water uptake into vinyl ester 
nanocomposite, after Shah &  Gupta (2002). resin, after Shah &  Gupta (2002).
W hen  these figures are compared using the same scale on the y-axis a more realistic 
interpretation can be viewed (Figure 7.17). The values for this figure have been calculated 
by multiplying the relative value with the equilibrium water content to attain a value o f
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mass gain. It can be seen that the rate o f  initial uptake for the nanocomposite specimen is 
slightly higher than the pristine material and the equilibrium water content is over three 
times that o f  the pristine material. In this case organoclay has created a material with 
inferior barrier characteristics than those o f  the original material even though X R D  and 
T E M  analysis suggested a relatively good level o f  clay layer separation.
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Figure 7.17. Water uptake o f  vinyl ester specimens, compiled using 
figures from Shah &  Gupta (2002).
7 a .4.3.3. S o l v e n t  A b s o r p t i o n
Solvent sorption testing o f  nanocomposites manufactured from an Epon 862-Epicure 
agent W  system containing Nanom er I.30E, and laboratory prepared organoclay with the 
same primary surfactant, were conducted Chen et al. (2003). These samples were placed  
in acetone and the one-dimension binary diffusion coefficient calculated, the numerical 
results presented in the publication are shown graphically be low  (Figure 7.18). The 
nanocomposite specimens achieved a reduced level o f  diffusion at low  organoclay 
loading. These reductions were attributed ‘not due to polymer phase m orphology’ but to 
‘hindered diffusion pathways, caused by  the dispersion o f  the individual nanosheets o f  the 
layered silicate in the nanocomposite’ . Superior diffiisivity reductions observed with 
laboratory modified organoclays were consistent with the higher level o f  exfoliation 
observed during short angle x-ray scattering. C lay layers were found to be separated b y  an 
average o f  15.6 and 12.6nm for 3wt%  laboratory modified and Nanom er I.30E  
nanocomposites respectively. However, the mechanism o f  uptake in these specimens is 
not Fickian but comes closer to Case II diffusion; therefore, calculation o f  diffusion  
coefficients using Fickian models is not suitable.
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Figure 7.18. Diffusion coefficients (x lO '15) o f Epon 862-Epicure agent W  
nanocomposites in acetone containing (• )  laboratory modified organoclay and 
(a ) Nanomer I.30E, after Chen et al. (2003).
Similar results have been presented by  the same group in other publications (Chen &  
Curliss 2001, 2002) using the same resin system and organoclay. The rate o f  acetone and 
methanol uptake into an Epon 862-Epicure agent W  system containing 6wt%  Nanom er 
1.30E was found to be ha lf that o f  the pristine material. However, these papers utilise the 
same materials and are conducted using similar solvents and testing techniques, this does 
not greatly enhance the overall information about nanocomposite behaviour.
The solvent resistance o f  nanocomposites has been investigated by  another research group 
(M assam  &  Pinnavaia 1998) with a number o f  different solvents using a D G E B A -  
Jeffamine D-230 system. This combination o f  materials has been used extensively for the 
preparation o f  epoxy nanocomposites and has been proven to produce exfoliated 
specimens (Kom m ann et al. 2001a; 2001b; Massam  et al. 1998). They tested this resin 
system, typically with 10w t%  o f  a primary surfactant organoclay, using methanol, 
ethanol, toluene, chloroform and propanol; the results for the first four solvents listed are 
reproduced below  in Figures 7.19a-d. In each case solvent sorption o f  the nanocomposite 
is far slower than the pristine material; although the magnitude o f  this effect varies 
slightly there is a consistent trend in each case.
Figure 7.19a. Methanol Figure 7.19b. Ethanol.
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Figure 7 .19c. Toluene, 5wt% organoclay Figure 7 .19d. Chloroform.
Figures 7.19a-d. Solvent uptake o f  Epon 828-Jeffamine D-230 containing (a ) 0% 
and (*) 10% (unless stated) primary alkyl ammonium surfactant organoclay, after
Massam &  Pinnavaia (1998).
Although the amount o f  experimental data regarding nanocomposite solvent sorption is 
relatively large, the number o f  polymer-organoclay combinations used is limited. The 
majority o f  research has been conducted b y  two groups o f  researchers resulting in only  
two material combinations being utilised. Experimental evidence o f  the solvent sorption 
o f  nanocomposites has mainly been presented using these two different types o f  curing 
agents and one type o f  organoclay. The use o f  Epon 862-Epicure agent W  (Chen et al. 
2003; Chen &  Curliss 2001, 2002) and Epon 828-Jeffamine D-230 (M assam  &  Pinnavaia 
1998; W an g  et al. 2000) combined with an octadecyl alkyl ammonium organoclay are 
almost exclusively used. This limited combination o f  materials is not beneficial for 
determining which other resins and curing agents may result in similar properties and, 
therefore, determine which factors are affecting nanocomposite permeability.
7a .4.4. D i s c u s s i o n  o f  N a n o c o m p o s i t e  P e r m e a b i l i t y
Some o f  the results highlighted above show that organoclay does not always reduce 
moisture uptake even when good dispersion and exfoliation, as measured by  X R D , has 
been achieved. This point is w ell demonstrated by  W an g  et al. (2006) in which highly  
exfoliated randomly dispersed platelets increased equilibrium uptake. In some cases 
changes to the polymer network or high organoclay-water affinity can increase water 
uptake even when highly exfoliated organoclay is present.
In many experiments organoclay results in increased equilibrium uptake but similar initial 
rate o f  uptake. This m ay mean that moisture is travelling slower through the polymer but 
absorbing a greater amount for a specific distance; therefore, organoclay is slowing down  
the rate o f  diffusion but absorbing more and the beneficial effect is lost. This increased 
rate o f  equilibrium uptake is due to the interaction o f  water with organoclay surfactant or 
platelet surface or changes to the polymer network.
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In either case when increased moisture is present it is likely that increased degradation o f  
fibres in a composite w ill occur. The influence that the rate o f  sorption has w ill depend on 
the thickness o f  the component and the concentration gradient. I f  a thin component is 
present then equilibrium levels w ill be  established quickly and the rate o f  sorption w ill 
not influence long-term durability. I f  a thicker component is present then the equilibrium  
level w ill not be established for a longer period o f  time and the rate o f  uptake w ill have a 
greater effect. However, even in a thicker component i f  the equilibrium level is increased 
the outer laminations w ill be  degraded more quickly even i f  those at the centre are not, 
thus influencing overall durability more than the rate o f  sorption.
Therefore, in order to manufacture a nanocomposite with beneficial barrier properties the 
initial consideration should be the equilibrium soiption level as this is dependant upon 
organoclay-matrix chemistry and cannot be improved by  increasing exfoliation or 
dispersion levels. This w ill rely on materials that interact well so that no increased free 
volume or micro-voids exist at the platelet-matrix interface, a highly organophobic 
surfactant that w ill not interact with water and a high density o f  surface modification so 
that water cannot interact with the platelet surface. Once a formulation has been identified 
that does not increase, and preferably w ill reduce, the overall equilibrium uptake level 
then processing to increase exfoliation levels should be investigated to increase the 
tortuous path and reduce the rate o f  sorption.
The use o f  organoclay to increase durability would have more applicability i f  it is able to 
reduce the equilibrium sorption level. Nanocomposites may be able to extend durability i f  
the rate o f  soiption is reduced but given sufficient time equilibrium w ill be established; 
therefore, i f  the equilibrium level is greater than the pristine polymer then no benefit w ill 
be seen and increased degradation m ay occur. Ideally both rate and equilibrium levels 
w ill be reduced so that both factors w ill contribute to increasing durability.
The use o f  solvents to investigate nanocomposite permeability is common but is highly  
dependant upon solvent molecule size and chemical functionality. The use o f  solvents to 
extrapolate water uptake over long periods o f  time is not accurate as the mechanisms o f  
uptake and polymer-penetrant interactions are vastly different. The relative reduction in 
permeability o f  nanocomposites with the same morphology should be similar when 
exposed to different penetrants i f  a tortuous path mechanism is alone responsible. A s  the 
increased diffusion pathway w ill decrease the relative rate o f  uptake by  the same amount 
independently o f  soiption rate in the pristine polymer. This has not been seen during 
solvent permeability testing and m ay indicate other mechanisms or factors are involved.
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Chapter  7b :
N ano com posite  Per m eability  Testing
7b .1. Sh o r t  B e a m  G r a v im e t r ic  T e s t in g  
7b .1.1. In t r o d u c t io n
Gravimetric testing is a simple and effective w ay  to obtain information about the rate and 
equilibrium uptake o f  any polymer-penetrant combination. This method involves 
accurately determining the initial weight o f  a sample and then periodically reweighing the 
sample after a known interval o f  time in the penetrant. The rate and equilibrium uptake o f  
the specimen can then be calculated from this data.
7b .1.2. M e t h o d o l o g y
7 b .i .2 .i . G e n e r a l  G r a v i m e t r i c  T e s t i n g  E x p e r i m e n t a l  P r o c e d u r e
Testing was based on A S T M  D5229; Moisture Adsorption Properties and Equilibrium  
Conditioning o f  Polymer Matrix Composite Materials. Specimens were weighed using an 
analytical balance after being cleaned with acetone to remove loose material and grease 
from manufacture. The accuracy o f  the balance was set to O .lm g in agreement with 
D5299. Individual specimens were placed in a test tube or glass vial and sealed with a 
bung or cap. A ll specimens were dried at 50°C  for 48 hours prior to commencing 
gravimetric testing. Specimens were removed from their container at regular intervals and 
weighed after being w iped to remove all excess liquid from the specimen surface.
7 b .i .2.2. S p e c i m e n  M a n u f a c t u r e
Specimens o f  two different geometries have been used during gravimetric testing. 
Specimens o f  short beam geometry suitable for post conditioned flexural testing were  
used initially to test permeability. This geometry does not provide data about one­
dimensional diffusion and resulted in long time periods before equilibrium. Therefore, flat
174
Chapter 7b : Nanocomposite Permeability Testing
plates were also manufactured to gain a more accurate determination o f  one-dimensional 
diffusion in shorter time periods. Nanocomposites were manufactured using the methods 
described in Section 3.2 and curing cycles in Section 3.1.4.
Sh ort Be a m Specimens
Specimens were manufactured using the square mould shown in Section 3.2.1.1. These 
specimens were cut to 125x12x6mm specimens suitable for flexural testing using a 
diamond saw.
Flat Plate Specimens
Flat plates were manufactured by  the vacuum assisted resin infusion technique described 
in Section 3.2.1.2. These plates were then cut into smaller specimens roughly 20x20mm, 
due to the constant plate thickness (1.5mm) any slight variation from this size would not 
affect the percentage rate o f  penetrant uptake.
7B.1.3. R e s u l t s  o f  S h o r t  B e a m  S p e c i m e n s
Short beam flexural specimens were manufactured and tested using the methods 
described above. Acetone and distilled water were employed at room temperature and 
50°C  respectively, this temperature being over 25 °C  lower then the glass transition o f  all 
polymer systems tested.
7 b .1 .3 .1 . A c e t o n e  U p t a k e  
Polypox Specimens
Figure 7.20 shows the uptake o f  5 and 10% I.30E Polypox nanocomposites produced by  
low  shear compared to the pristine polymer. A ll specimens appear to absorb acetone at a 
similar rate; but 5% and 10% specimens are on average 0.80-0.84 times the pristine 
material over the entire time period o f  testing indicating a slight reduction in sorption rate. 
The mechanism o f  uptake appears to be relatively linear and is non-Ficlcian; however, due 
to specimen geometry a reliable value o f  SM F, indicating the mechanism o f  uptake, 
cannot be calculated. This applies for all short beam specimens due to large deviations 
from one-dimensional uptake developing increasingly curved mass gain-time plots. A ll  
specimens, except one 10w t%  specimen, broke up at a similar time and the test stopped 
after 1003 hours; therefore, no indication o f  equilibrium uptake is provided.
The level o f  exfoliation in these specimens is relatively good, no peak was detected 
during X R D  (Section 4.3.4.4) and clay layers have been observed as separated b y  6-10nm  
by  T E M  (Section 4.4.5); however, the dispersion is relatively aggregated as shown by  all 
types o f  microscopy (Section 4.4). It might be expected, from theoretical models and
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previous work, that these nanocomposites would have exhibited a larger reduction in 
acetone uptake; however, the reductions remain relatively small.
30n
A lternative O rganoclay Polypox Specimens
Figure 7.21 shows the uptake o f  5%  Nanofil 32, SE and U M C  nanocomposites compared 
to the pristine polymer. The two quaternary organoclay nanocomposites absorbed acetone 
faster than the pristine material and resulted in these specimens breaking-up after only 
600 compared to 1000 hours for the pristine specimens. The relative acetone uptake o f  
Nanofil 32 and SE nanocomposites was 1.36 and 1.33 times the pristine polymer 
respectively.
Both quaternary organoclay nanocomposites are intercalated with a clay layer separation 
o f  3.3-3.5nm; the similar organoclay morphology, and likely a similar level o f
generated from the inclusion o f  well compatible organoclay even when intercalated. 
However, it is clear that certain polymer-organoclay combinations may cause the rate o f  
permeability to increase. This could be due to a physical effect such as increased polymer
at the polymer-clay interface due to poor polymer-organoclay compatibility.
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Figure 7.20. Acetone uptake o f low shear processed 
I.30E Polypox nanocomposites.
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Figure 7.21. Acetone uptake o f  low shear processed Polypox 
nanocomposites containing various organoclays.
organoclay-polymer compatibility and hence bonding, results in similar rates o f  acetone 
uptake. This outcome is surprising as it might be expected that no adverse effect would be
free volume around clay platelets arising from changes to the polymer network, or voids
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Alternatively, a chemical affect such as high levels o f  acetone-organoclay compatibility 
causing acetone to bind to and permeate across the platelet surface, or an interphase with 
less constrained polymer resulting in faster relaxations thus speeding up Case II front 
velocity.
U M C  specimens also display an increased rate o f  uptake and absorb acetone 2.06 times 
faster than the pristine polymer. These specimens broke-up after only 400 hours due to 
high volumes o f  acetone swelling the polymer, generating osmotic stresses and causing 
specimens to fracture. The rate o f  acetone uptake in U M C  specimens is greater than in 
intercalated nanocomposites; similar physical or chemical mechanisms as those thought 
to accelerate acetone uptake in intercalated nanocomposites could be occurring to a 
greater degree in U M C  specimens. The surface o f  U M C  is free to interact with acetone 
and may cause increased uptake by  offering additional sites for intermolecular bonding. 
The free volume in unintercalated clay galleries w ill also provide large volumes for 
increased acetone uptake and effective short cuts through clay tactoids.
Ethacure Specimens
Figure 7.22 shows the uptake o f  5 and 10% I.30E Ethacure nanocomposites processed by  
low  shear compared to the pristine polymer. The relative rate o f  acetone uptake is 
significantly reduced to 0.47 and 0.29 times that o f  the pristine polymer at 5 and 10%  
organoclay. This compares to theoretical reductions for 5 and 10wt% nanocomposites o f  
0.34 and 0.20 for a clay aspect ratio o f  200 using Neilson’s tortuous path model (Section 
2.9.2.1). These reductions would be expected to increase as the level o f  dispersion 
improved and would potentially come closer to these theoretical values. There is a 
reasonable reduction in the equilibrium uptake, 0.913 and 0.875 times the pristine 
polymer at 5 and 10% organoclay loading respectively. These reductions are greater than 
the volume occupied by the clay layers; therefore, decreased equilibrium uptake cannot be 
entirely due to clay volume occupancy and must be due to other changes in the polymer 
network surrounding the clay platelets.
Figure 7.22. Acetone uptake o f  low shear processed I.30E Ethacure nanocomposites.
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Acetone uptake o f  all specimens lies between Fickian and Case II; however, due to the 
specimen dimensions used a reliable SM F  value cannot be calculated. However, uptake is 
relatively linear suggesting predominantly Case II behaviour controlled by polymer 
relaxations.
Ex c h e m Specimens
Figure 7.23 shows the uptake o f  5 and 10% I.30E Exchem nanocomposites processed by  
low  shear compared to the pristine polymer. There appears to be no consistent difference 
between any o f  the nanocomposites and the pristine material. The rate o f  uptake and the 
time at which specimens broke-up is almost identical. The mechanism o f  uptake appears 
to be anomalous and lies somewhere between Fickian and Case II. Exchem  
nanocomposites are not as well exfoliated as either Polypox or Ethacure specimens; they 
have morphology more akin to disordered intercalation which may help to explain this 
behaviour. However, large increases in uptake rate have not been observed like those in 
intercalated Polypox nanocomposites, indicating that morphology does not necessarily 
have a controlling influence.
Figure 7.23. Acetone uptake o f  low shear processed I.30E Exchem nanocomposites.
DEH 24 Specimens
Figure 7.24 shows the uptake o f  5 and 10% I.30E D E H  nanocomposites processed by low  
shear compared to the pristine polymer. Increasing organoclay content has resulted in 
nanocomposites displaying an increased rate and equilibrium acetone uptake. D EH  
specimens have superior levels o f  exfoliation than Exchem and are similar to Polypox and 
Ethacure. These specimens also show that organoclay morphology does not necessarily 
dictate whether beneficial changes in permeability can be achieved. This may arise due to 
poor polymer-organoclay compatibility; for example, by generating voids at the polymer- 
clay interface and providing space for acetone-clay platelet bonding. Alternatively, a 
change in polymer network constraint and free volume may occur as the morphology is 
not significantly different to other systems, suggesting that polymer and organoclay are
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reasonably compatible. The mechanism o f  uptake appears to be more Fickian than any o f
the other systems displaying significantly more curvature.
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Figure 7.24. Acetone uptake o f low shear processed 
I.30E DEH nanocomposites.
7 b . i .3.2. A n a l y s i s  o f  A c e t o n e  U p t a k e
Acetone uptake into different polymer systems appears to vary significantly; Ethacure, 
and to a lesser extent Polypox and Exchem, show a degree o f  linear uptake while D E H  
specimens appear to be more Fickian. Differences in polymer-acetone interaction strength 
and the position o f  each polymer-penetrant combination within the temperature-penetrant 
interaction diagram w ill change the mechanism o f  uptake occurring in each specimen. 
Polymer-organoclay interaction w ill determine i f  any free volume exists between the 
polymer and platelet surface or polymer and surfactant. In more compatible systems these 
materials w ill not generate any voids and it has been suggested that the polymer may even 
interact with the platelet surface (Shi et al. 1996), thus ensuring increases in free volume 
do not occur. Whereas, the reverse w ill be true in less compatible systems and voids will 
be generated around the clay platelet, this w ill provide volume for immobilised penetrant 
both bound to the platelet and as a separate phase to reside.
Ethacure is the only system to exhibit significant reductions in acetone uptake with 
Polypox registering a much smaller reduction, Exchem displays no apparent change and 
D E H  shows increased uptake in nanocomposite specimens. These results do not coincide 
with the levels o f  observed organoclay exfoliation. Although Ethacure has a good level o f  
exfoliation, D E H  is far superior to that o f  Exchem and similar to Polypox, thus not 
showing any agreement with morphology. Therefore, the rate o f  uptake may also depend 
on polymer-penetrant interactions and the quality o f  polymer-organoclay bonding. 
Penetrants that have a strong affinity for specific polymers will interfere with the polymer 
network to a greater extent than those that do not interact so strongly. W hile  the degree o f  
polymer-organoclay bonding w ill not only affect the polymer network surrounding the 
clay layers but w ill also determine whether the penetrant is able to interact directly with
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the surface o f  c la y  platelets or is prevented from  doing so. In a nanocom posite w ith a high 
level o f  polym er-organoclay interaction and bonding there w ill b e  less free volum e and 
few er available c la y  platelet interaction sites, w hereas poor polym er-organoclay bonding 
m ay produce increased free volum e and m ore available interaction sites at the c la y  
surface. This can b e seen in U M C  P o lyp o x  specim ens w here the overall uptake is  double 
that o f  the pristine m aterial probably due to these reasons. T h e sam e affect can be seen 
w ith  intercalated P o lyp o x nanocom posites but to a lesser extent.
T h e equilibrium  uptake o f  Ethacure w as seen to reduce b y  an am ount greater than the 
vo lum e that the c la y  occupies, indicating that organoclay has influenced som e other 
aspect o f  the polym er. This m ight arise due to a reduction in free vo lum e from  changes in 
polym er segm ent m obility  in areas around c la y  platelets. Equilibrium  w as not reached 
w ith  the other system s due to osm otic stress induced cracking p rogressively  breaking the 
sam ples, this did not occur w ith  Ethacure specim ens.
7b.i.3.3. Water Uptake 
P o l y p o x  Sp e c im e n s
Figures 7.25a and b show  the uptake o f  5 and 10 %  I.30E P o lyp o x  nanocom posites 
produced b y  lo w  shear com pared to the pristine polym er, k e y  properties are listed in 
T ab le  7 .1 . The uptake m echanism  is Fickian, characterised b y  the initial straight line 
uptake in Figure 7.25b, this Fickian  behaviour perm its the use o f  diffusion equations to 
analyse sorption (Section 7 a . 1.3).
Specimen
Diffusion constant 
(m m V 1)
Equilibrium 
uptake (%)
Relative
diffusion
constant
Relative
equilibrium
uptake
Polypox 1.08 (0.033) 2.94 (0.015) 1.000 1.000
5%  LS I.30E 1.03 (0.014) 3.01 (0.028) 0.954 1.024
10% LS I.30E 0.99 (0.025) 3.15(0.020) 0.914 1.071
Table 7.1. Average diffusion constant (xlO"6) and equilibrium uptake with standard
deviations (in parentheses) o f  low shear processed I.30E Polypox nanocomposites.
Figures 7.25a and b show  that nanocom posite specim ens in itially  absorbed w ater at a 
sim ilar rate as pristine specim ens but eventually resulted in a slight increase in m oisture 
content. This causes a slight reduction in the diffusion constant (Table 7 .1)  being 
calculated because the sam e rate o f  initial uptake w as observed but ending at a high 
equilibrium  content. Therefore, re ly in g  on a calculated diffusion  constant to assess 
nanocom posite perm eability can g iv e  a m isleading representation o f  actual properties. 
This has been observed in som e literature (Shah &  Gupta 2002) in w hich  the diffusion 
constant g ives a m isleading interpretation o f  overall sorption behaviour.
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Figure 7.25a Figure 7.25b
Figure 7.25. Water uptake o f  low shear processed I.30E Polypox nanocomposites 
plotted against (a) time and (b) square root o f time.
O rganoclay does not appear to have affected the rate o f  uptake but there is a small 
increase in total w ater uptake. This m ight occur due to the c la y  providing additional 
interaction sites for binding w ater m olecules. A lthough the c la y  has been treated to form 
an organophilic m aterial com patible w ith polym ers, the c lay  surface w ill retain the sam e 
structure and be able to interact with w ater and thus increase the total amount o f  w ater 
absorbed.
A l t e r n a t iv e  O r g a n o c l a y  Po l y p o x  Sp e c im e n s
Figures 7.26a and b show  the uptake o f  5 %  N anofil 32, SE  and U M C  nanocom posites 
processed b y  low  shear com pared to the pristine polym er with k e y  properties in T able 7.2. 
Intercalated nanocom posites display sim ilar initial uptake but higher equilibrium  uptake, 
resulting in low er diffusion constants. Intercalated nanocom posite equilibrium  w ater 
content is higher than the equivalent m anufactured with I.30E, suggesting that the same 
process is occurring to a greater extent. This could be due to poorer organoclay-polym er 
interactions generating free volum e around clay  platelets and increasing sites for water- 
c la y  bonding, and/or a decrease in constrained polym er altering the properties o f  the 
surrounding polym er.
Specimen
Diffusion 
constant (mm2 s'1)
Equilibrium 
uptake (%)
Relative
diffusion
constant
Relative
equilibrium
uptake
Polypox 1.08 (0.033) 2.94 (0.015) 1.000 1.000
5%  Nanofil 32 0.95 (0.015) 3.44 (0.059) 0.881 1.170
5% Nanofil SE 1.07 (0.009) 3.26 (0.010) 0.991 1.109
5% UMC 0.97 (0.080) 5.52 (0.053) 0.895 1.878
Table 7.2. Average diffusion constant (xlO'6) and equilibrium uptake with standard deviations 
(in parentheses) o f low shear processed Polypox nanocomposites with various organoclays.
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Specim ens m anufactured w ith U M C  show  a dramatic increase in rate and equilibrium  
uptake but display a sim ilar diffusion constant because o f  proportionate increases in both 
variables. U M C  does not bond w ith the polym er and w ill form a distinct phase, 
generating increased free volum e around c la y  tactoids w here the polym er and c lay  cannot 
interact. The c la y  galleries have not been intercalated and are e ffective ly  free volum e 
through w hich w ater can m igrate creating effective  short cuts. W hen in clay  galleries 
w ater can bond with the hydrophilic c la y  surface and collect as a separate phase. 
Increases in free volum e w ill be far larger due to unintercalated c la y  than at the polym er- 
c la y  interface surrounding c la y  tactoids as the volum es involved are far greater.
U M C  is a relatively  com m on filler used in polym ers so that less material volum e is 
required for a sp ecific  application. H ow ever, results shown above are a clear indication 
that this practice could vastly  increase the rate and equilibrium  uptake o f  a m atrix, 
potentially accelerating the degradation o f  fibres when used in com posites or reducing 
properties o f  a polym er i f  used w ithout reinforcem ent.
Time (h) VTime (h)
Figure 7.26a Figure 7.26b
Figure 7.26. Water uptake o f low shear processed Polypox nanocomposites with various 
organoclays plotted against (a) time and (b) square root o f  time.
E t h a c u r e  Sp e c im e n s
Figures 7.27a and b show  the uptake o f  5 and 10%  I.30E Ethacure nanocom posites 
processed b y  low  shear com pared to the pristine polym er with k ey  properties in T able 7.3. 
The rate o f  w ater uptake is unchanged in nanocom posite specim ens until after initial 
linear root-tim e Fickian uptake, at w hich point nanocom posites absorb increasing 
amounts o f  water as the organoclay content increases. The d ifference in equilibrium  
uptake betw een pristine and nanocom posite specim ens is alm ost double that o f  P olypox 
specim ens at corresponding organoclay loading, this results in greater reductions in 
diffusion constants. There is no apparent change in rate o f  uptake and equilibrium  uptake 
is increased.
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Specimen
Diffusion 
constant (m m V )
Equilibrium 
uptake (%)
Relative
diffusion
constant
Relative
equilibrium
uptake
Ethacure 1.70 (0.11) 2.11 (0.011) 1.000 1.000
5%  LS I.30E 1.47 (0.10) 2.26 (0.067) 0.865 1.071
10% LS I.30E 1.30 (0.07) 2.39 (0.062) 0.765 1.133
Table 7.3. Average diffusion constant (xlO 6) and equilibrium uptake with standard 
deviations (in parentheses) o f  low shear processed I.30E Ethacure nanocomposites.
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Figure 7.27a Figure 7.27b
Figure 7.27. Water uptake o f  low shear processed I.30E Ethacure nanocomposites plotted 
against (a) time and (b) square root o f  time.
E x c h e m  Sp e c im e n s
Figures 7.28a and b show  the uptake o f  5 and 10%  I.30E Exchem  nanocom posites 
processed with low  shear com pared to the pristine polym er w ith k e y  properties in Table 
7.4. The rate o f  w ater uptake in nanocom posites is unchanged until after linear root-tim e 
Fickian uptake, after w hich a slight increase in equilibrium  w ater content is maintained 
resulting in a reduced diffusion constant m uch like P olypox and Ethacure.
Specimen
Diffusion 
constant (m m V 1)
Equilibrium 
uptake (%)
Relative
diffusion
constant
Relative
equilibrium
uptake
Exchem 1.15 (0.035) 4.11 (0.034) 1.000 1.000
5% LS I.30E 1.04 (0.019) 4.38 (0.053) 0.904 1.066
10% LS I.30E 0.96 (0.037) 4.36 (0.050) 0.835 1.061
Table 7.4. Average diffusion constant (xlO'6) and equilibrium uptake with standard 
deviations (in parentheses) o f  low shear processed I.30E Exchem nanocomposites.
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Figure 7.28a Figure 7 .28b
Figure 7.28. Water uptake o f  low shear processed I.30E Exchem nanocomposites plotted 
against (a) time and (b) square root o f time.
D E H  Sp e c im e n s
Figures 7.29a and b show  the uptake o f  5 and 10%  I.30E Exchem  nanocom posites 
com pared to the pristine polym er w ith k e y  properties in T able 7.5. Rate o f  water uptake, 
and the resulting diffusion constant, appears to increase with direct proportionality to 
increasing organoclay content. U nlike the previous polym er system s, the rate o f  initial 
w ater uptake has increased and the equilibrium  uptake has also increased. A lthough the 
effect is quite small at 5%  the increase becom es clearer at 10% . This indicates that either 
D EH -w ater interactions or organoclay-D E H  bonding is sufficiently  different from the 
other polym er system s to generate a different type o f  behaviour.
Figure 7.29a Figure 7.29b
Figure 7.29. Water uptake o f low shear processed I.30E DEH nanocomposites plotted 
against (a) time and (b) square root o f time.
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Specimen
Diffusion 
constant (m m V 1)
Equilibrium 
uptake (%)
Relative
diffusion
constant
Relative
equilibrium
uptake
DEH 0.47 (0.012) 3.66 (0.011) 1.000 1.000
5%  LS I.30E 0.55 (0.014) 3.73 (0.081) 1.170 1.019
10% LS I.30E 0.63 (0.006) 4.13 (0.022) 1.340 1.128
Table 7.5. Average diffusion constant (xlO'6) and equilibrium uptake with standard
deviations (in parentheses) o f  low shear processed I.30E DEH nanocomposites.
7b.i.3.4. A nalysis O f W a t e r U p t a k e
A ll  pristine polym er system s displayed Fickian  behaviour w hen w ater w as used as a 
penetrant. A lthough, the rate and equilibrium  uptake levels va ry  betw een different 
p olym er system s. Ethacure displayed the low est equilibrium  uptake and a sim ilar rate o f  
uptake as P o lyp o x  and D E H  specim ens. T his high perform ance den sely  cross-linked 
system  w ith  a h igh  glass transition results in good properties. The E xchem  system  is m ade 
from  a com bination o f  tw o curing agents that are the sam e as those in D E H  and P olypox. 
Therefore, it m ay  be expected that the equilibrium  w ater uptake w ould  b e  sim ilar to these 
system s. H ow ever, it is higher and the rate o f  uptake is also increased, this is probably 
due to additives used to increase the w orkability  and in service properties o f  the 
form ulated E xchem  system .
Ethacure, P o lyp o x and E xchem  nanocom posite specim ens displayed sim ilar behaviour 
w hen exposed to water. Initial w ater uptake w as the sam e as the pristine polym er but 
diverged to produce sligh tly  increased equilibrium  w ater content after the initial linear 
root-tim e Fickian uptake. O rgan oclay  did not have any effect on the rate o f  uptake, the 
theoretical tortuous path and changes in polym er bonding and segm ental m obility  did not 
cause any m easurable changes. T h e equilibrium  uptake w as consistently increased in 
proportion to organoclay loading suggesting that water w as binding to the hydrophilic 
c la y  surface. Intercalated nanocom posites and U M C  specim ens experienced this increase 
to a greater degree; potentially due to increasin gly  poor polym er-organoclay interactions 
developing increased tree volum e, thus providing an increase in potential bonding sites on 
the c la y  surface. D E H  nanocom posites generated increased rate o f  uptake throughout the 
entire test suggesting that organoclay had a negative im pact on the D E H  polym er. This 
m ust arise due to differences in  D E H -w ater or D E H -organoclay bonding com pared to 
other specim ens as organoclay m orphology has been observed to be sim ilar in these 
specim ens to that in Ethacure and P olyp ox.
7b .1.4. A nalysis O f W a t e r  a n d  A c e t o n e  U p t a k e
The difference betw een w ater and acetone uptake varies betw een different polym er 
system s. In Ethacure and P o lyp o x  specim ens the changes in apparent acetone
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perm eability w ere not replicated w ith  water. Therefore, the tortuous path m echanism  
cannot b e used to explain reduced p en n eab ility  in Ethacure specim ens w hen tested in 
acetone. D ecreased perm eability due to increased diffusion pathw ays should be replicated 
w ith any penetrant used because im provem ents occur due to a relative increase in path 
length and is independent o f  initial penneability; this w as not the case so the differences 
derive from  other factors. This could arise due to changes in the m echanism  o f  uptake 
and/or the relative interaction o f  constituent m aterials in any one experim ent.
T h e m echanism  o f  uptake m ay b e a controlling factor in w hether a nanocom posite w ill 
d isplay changes in perm eability w hen exposed to acetone or water. W hen Fickian 
behaviour is displayed there h ave been no changes recorded in nanocom posite uptake; 
w hereas, w hen C ase II behaviour is displayed there h ave been changes in nanocom posite 
penn eability  in som e cases. It fo llo w s that the relative rates o f  diffusion  and/or polym er 
relaxation, that control sorption m echanism , have been altered in som e w ay. I f  rates o f  
diffusion have been sign ificantly  altered then the properties o f  nanocom posites displaying 
F ickian  uptake w ould  have been altered, this w as not the case. H ow ever, i f  rates o f  
polym er relaxation have been sign ificantly  altered then the perm eability o f  
nanocom posites displayin g C ase  II uptake w ould  have been altered, this w as the case. 
Therefore, it is possib le that organo clay  is influencing the rate o f  polym er relaxation and 
altering the rate o f  sorption b y  slow in g dow n the diffusion front during C ase II uptake. 
T his m ight occur due to increased polym er bonding and constraint decreasing polym er 
segm ent m obility  in areas around c la y  platelets, resulting in polym er chains that require 
longer to becom e fu lly  plasticised and relaxed.
A ltern atively, the chem ical activ ity  o f  penetrants m ay influence p olym er-organoclay 
interactions in different w ays. T h e strength o f  their respective polar bonds results in large 
differences betw een the tw o m olecules. Strong hydrogen bonding in w ater results in a 
dielectric constant o f  80, w h ile  the w eaker dipole in acetone generates a dielectric 
constant o f  20.7. The polarity o f  the penetrant m ay detennine h o w  each solvent w ill 
interact w ith polym er and organoclay and determ ine w hether perm eability w ill be 
influenced. The lo w  polarity  o f  acetone could favour interaction w ith  polym ers (dielectric 
constant 3.5-4) resulting in perm eability reductions, w hereas the h igh  polarity o f  w ater 
m ight result in less interaction and no decrease in penneability.
B oth  o f  these m echanism s are investigated to determ ine w hich  factor has the greater 
influence, polym er relaxation controlled uptake in Section 7B.5 and penetrant polarity in 
Section 9 .5.3.1.
186
Chapter 7B: Nanocomposite Permeability Testing
Contrasting results achieved w ith  Ethacure specim ens o f  identical organoclay 
m orphology bring into question previous research conducted w ith  sim ilar resin system s 
using organic solvents that exhibit C ase II or anom alous diffusion. In som e cases the 
traditional tortuous path m echanism  w as stated as being responsible for the perm eability 
reductions that w ere achieved. H ow ever, it is possible that different m echanism s, 
highlighted above, m ay  h ave been responsible for the changes in m aterial perm eability 
and not that o f  increased diffusion pathw ay due to organoclay.
7b .2. F l a t  P l a t e  G r a v i m e t r i c  T e s t i n g  
7b .2.1. In t r o d u c t i o n
F ollo w in g  the series o f  gravim etric tests conducted w ith  short beam  specim en a further 
series o f  tests w as conducted to investigate issues that developed. T h e poor perform ance 
o f  all nanocom posites except Ethacure in acetone w as surprising and required further 
investigation; high shear processed specim ens m ay also provide an advantage. Flat plates 
perm it an estim ate to be m ade o f  the degree o f  F ickian -C ase II behaviour, due to 
assum ptions regarding one-dim ensional diffusion. A  variety  o f  penetrants w ere used to 
ascertain w hich  w ould  influence nanocom posite perm eability. Ethacure and P o lyp o x  
specim ens w ere used in this series o f  tests as they displayed the greatest changes in 
previous experim ents and h ave superior organo clay  m orphology. H igh shear processing, 
lo w er temperatures during w ater sorption and low er organoclay loadings w ere utilised as 
these factors have been show n to have an effect on perm eability.
7b .2.2. R esults o f  Fl a t  Pl a t e  Sp e c i m e n s 
7b.2.2.i. W a t e r U p t a k e
H igh shear processed I.30E P olyp ox and Ethacure nanocom posites (Figures 7.30 and 
7 .3 1) did not reduce the rate o f  w ater sorption at room  temperature. 2 %  P o lyp o x 
nanocom posites resulted in a sim ilar rate and equilibrium  uptake as the pristine polym er, 
w h ile  Ethacure specim ens achieved a sim ilar initial rate o f  uptake but diverged to 
generate greater equilibrium  uptake. A ll  specim ens conform ed to F ickian  sorption w ith  
the S M F  in each case b ein g 0.5. Specim ens o f  5 %  U M C  Ethacure also show  a slight 
increase in initial rate o f  uptake and then develop a higher level at equilibrium . T h e 
observed sorption behaviour is far closer to the corresponding pristine polym er than U M C  
P olyp ox specim ens. T h e differences observed betw een Ethacure and P o lyp o x U M C  
specim ens indicate that U M C -p o lym er interactions can be h e av ily  influenced b y  the type 
o f  polym er used, in each case resulting in different behaviour.
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Figure 7.30. Water uptake and SMF model o f 
Polypox nanocomposites at room temperature.
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Figure 7.31. Water uptake and SMF model o f 
Ethacure nanocomposites at room temperature.
7b.2.2.2. A c e t o n e  U p t a k e
H igh shear processed P olyp ox specim ens (Figure 7.32 and T able 7.6) resulted in a slight 
reduction in rate and equilibrium  uptake but not greater than those achieved with low  shear 
processed specim ens, the S M F  w as found to be 0.62 for all specim ens. H igh shear Ethacure 
specim ens (Figure 7.33 and T able 7.7) resulted in greater reductions in perm eability 
com pared to low  shear processed specim ens, as m ight be expected for increased organoclay 
dispersion. The acetone grinding m ethod w as found to be superior to that o f  resin grinding, 
the increased dispersion seen in O M  and S E M  (Section 4.4) has increased the volum e o f  
polym er affect b y  organoclay. The SM F  factor w as 0.8 for all specim ens indicating sorption 
closer to C ase II behaviour than P olyp ox specim ens.
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Figure 7.32. Acetone uptake and SMF model 
o f I.30E Polypox nanocomposites.
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Figure 7.33. Acetone uptake and SMF model 
o f  I.30E Ethacure nanocomposites.
Specimen
Rate o f uptake 
(% mass 
gain/day)
Equilibrium 
Uptake (% 
mass gain)
Relative rate 
o f  uptake
Relative
equilibrium
uptake
SMF
Polypox 4.07 27.29 1.000 1.000 0.65
2%  I.30E RG 3.82 26.87 0.938 0.985 0.65
2% I.30E AG 3.61 26.38 0.886 0.967 0.65
5%  I.30E RG 3.74 26.42 0.918 0.968 0.65
Table 7.6. Average rate and equilibrium acetone uptake and SMF o f  I.30E Polypox specimens.
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Specimen
Rate o f uptake 
(% mass 
gain/day)
Equilibrium 
Uptake (% 
mass gain)
Relative rate 
o f  uptake
Relative
equilibrium
uptake
SMF
Ethacure 3.76 30.78 1.000 1.000 0.8
2% I.30E LS 2.13 29.01 0.567 0.942 0.8
2% I.30E RG 1.91 28.71 0.508 0.933 0.8
2% I.30E A G 1.71 28.47 0.454 0.925 0.8
Table 7.7. Average rate and equilibrium acetone uptake and SMF o f I.30E Ethacure specimens. 
7 b .2.2.3. M e t h a n o l  U p t a k e
O rganoclay did not appear to affect the sorption o f  m ethanol into P olypox 
nanocom posites (Figure 7.34 and Table 7.8), the small decrease in perm eability achieved 
in acetone is no long apparent. The equilibrium  uptake is consistently around 20% , 
com pared to 30%  in acetone, w hile  the rate o f  uptake is around 0.6 tim es that in acetone. 
The SM F  has reduced to 0.52 so these specim ens display behaviour approaching that o f  
Fickian. Ethacure nanocom posites (Figure 7.35 and Table 7.9) display reduced 
perm eability to m ethanol but to a lesser extent than acetone. The SM F  is 0.64 in all 
specim ens, thus displaying behaviour m ore Fickian than with acetone.
Figure 7.34. Methanol uptake and SMF Figure 7.35. Methanol uptake and SMF
model o f  I.30E Polypox nanocomposites. model o f I.30E Ethacure nanocomposites.
Specimen
Rate o f uptake 
(% mass 
gain/day)
Equilibrium 
Uptake (% 
mass gain)
Relative rate 
o f uptake
Relative
equilibrium
uptake
SMF
Polypox 2.32 20.35 1.000 1.000 0.52
2% I.30E RG 2.31 20.36 0.995 1.001 0.52
2% I.30E AG 2.31 19.99 0.995 0.983 0.52
5%  I.30E RG 2.35 20.32 1.012 0.999 0.52
Table 7.8. Average rate and equilibrium methanol uptake and SMF o f I.30E Polypox specimens.
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Specimen
Rate o f  uptake 
(% mass 
gain/day)
Equilibrium 
Uptake (% 
mass gain)
Relative rate 
o f  uptake
Relative
equilibrium
uptake
SMF
Ethacure 0.71 18.38 1.000 1.000 0.64
2%  I.30E RG 0.55 18.03 0.769 0.981 0.64
2%  I.30E A G 0.48 17.69 0.667 0.962 0.64
Table 7.9. Average rate and equilibrium methanol uptake and SMF o f  I.30E Ethacure specimens.
7b .2.3. A nalysis O f Fl a t  Pl a t e  Sp e c i m e n s
B oth  Ethacure and P o lyp o x  specim ens show  variable perm eability reductions depending 
on the penetrant used in each case; these reductions being greater in Ethacure than 
P olypox. These changes appear to reduce as the SM F  factor approaches 0.5 and 
specim ens d isplay Fickian  behaviour. T ab le  7 .10  shows h ow  these variables change, 
indicating a strong correlation betw een SM F  and relative uptake.
Polypox Ethacure
Penetrant
Relative
uptake
SMF
Relative
uptake
SMF
Water 1.000 0.50 1.000 0.50
Methanol 0.995 0.52 0.769 0.64
Acetone 0.938 0.65 0.568 0.80
Table 7.10. Relative uptake and SMF o f  Polypox and Ethacure specimens 
with different penetrants.
This dependence supports the theory that the tortuous path m odel is not responsible for 
reductions in solvent perm eability seen in these specim ens. H ow ever, it is not know n 
w hether the change in uptake m echanism  is responsible for the reductions in 
nanocom posite perm eability, or is its e lf  a side effect occurring due to a change in 
perm eability from  another source. T h e cause could b e due to changes in penetrant- 
nanocom posite interactions altering the perm eability and resulting in a change o f  uptake 
m echanism ; or a change in uptake m echanism , caused b y  the slow in g o f  polym er 
relaxations, generating greater perm eability reductions in specim ens that show  uptake 
controlled b y  C ase II m echanism s.
7b .3. In f l u e n c e  o f  Pr o c e s s i n g a n d  O r g a n o c l a y  o n  P e r m e a b i l i t y 
7b.3.1. In t r o d u c t i o n
This series o f  tests w as aim ed at gaining a greater understanding o f  how  different 
processing m ethods, organoclays and levels o f  exfoliation  and dispersion affect the 
uptake o f  acetone into Ethacure. A  m aster batch approach (Section 3.2.3) using h igh  and 
lo w  shear processing (Section 3.2) w as used to m anufacture flat plate specim ens 
containing I.30E, N an ofil 32 and U M C  at varyin g  organoclay loadings. U nprocessed 5 %  
lo w  shear 1.3OE specim ens w ere also m anufactured, organoclay w as m erely  m ixed b y
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hand until even ly  distributed in resin, to determ ine w hich factors had the m ost influence 
over acetone uptake.
7B.3.2. In f l u e n c e  o f  P r o c e s s i n g m e t h o d
Figures 7.36a, b and c  show  acetone uptake o f  lo w  and high shear processed 1.3 OE, U M C  
and N anofil 32 specim ens at 2, 5 and 10 %  respectively, com pared to the pristine polym er 
in each case. T h e average rate o f  acetone uptake and equilibrium  uptake for each 
specim en type are also show n num erically  in T ables 7 .11  and 7 .12  respectively. R elative  
rate and equilibrium  uptake are show n in Figure 7.37 and 7.38 respectively  w ith 
num erical values in T ab le  7 .11  and 7 .12 .
Specimen LS I.30E HS I.30E UM C Nanofil 32 Unprocessed
0% 3.50(1.00) 3.50 (1.00) 3.50(1.00) 3.50(1.00) 3.50(1.00)
2% 2.23 (0.64) 1.91 (0.55) 2.75 (0.79) 3.04 (0.87) -
5% 1.63 (0.46) 1.34 (0.38) 2.92 (0.85) 2.77 (0.79) 1.61 (0.46)
10% 0.84 (0.24) 0.55 (0.16) 3.20 (0.92) 2.24 (0.64) -
Table 7.11. Average rate o f  acetone uptake (% mass gain/day after 170 hours) into Ethacure 
nanocomposites, relative values given in parentheses.
Specimen LS I.30E HS I.30E UM C Nanofil 32 Unprocessed
0% 30.94(1.00) 30.94(1.00) 30.94(1.00) 30.94 (1.00) 30.94(1.00)
2% 30.13 (0.974) 29.52 (0.954) 30.53 (0.987) 30.73 (0.993) -
5% 29.03 (0.938) 28.03 (0.906) 30.74 (0.994) 30.56 (0.988) 29.18(0.941)
10% 27.29 (0.882) 25.92 (0.838) 30.98 (1.001) 30.04 (0.971) -
Table 7.12. Average acetone equilibrium uptake (% mass gain) into Ethacure nanocomposites,
relative values given in parentheses.
7 b .3 .2 .i. H igh a n d  L o w  Sh e a r  Processing
H igh shear processed specim ens show  a reasonable im provem ent in perm eability 
com pared to those m anufactured using lo w  shear. Im proved dispersion has reduced the 
relative acetone uptake b y  an additional 8-9%  com pared to the pristine polym er at all 
organoclay contents. There w ere also proportional reductions in equilibrium  uptake o f  
h igh  shear processed specim ens. T h e im proved organoclay dispersion creates a m ore 
uniform  m aterial w ith few er areas o f  unfilled  resin; therefore, greater volum es o f  polym er 
are in close proxim ity to organo clay  and m ore polym er is affected.
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Figure 7.36a-c. Acetone uptake into Ethacure 
nanocomposites containing various 
organoclays at (a) 2%, (b) 5%  and (c) 10% 
loading.
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Figure 7.36c
Figure 7.37 show s relative reductions o f  all specim ens shown in T able 7 .11  com pared to 
the theoretical reduction using N eilso n ’ s tortuous path m odel for 200 and 250 aspect 
ratios fillers. A lthough it has been asserted that these reductions in perm eability are 
probably not achieved from a tortuous path m echanism  the com parison is interesting due 
to its frequent use in sim ilar situations in published literature and apparent, although 
p ossib ly  coincidental, accuracy. Specim ens processed with low  shear appear consistently 
above the theoretical lines w hile  those processed with high shear are in strong agreem ent 
with the theory.
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Figure 7.37. Relative rate o f acetone uptake in Figure 7.38. Relative equilibrium acetone 
Ethacure nanocomposites and theoretical uptake in Ethacure nanocomposites.
reductions for filler aspect ratios o f 200 and 
250.
7b.3.2.2. U n pr oc e ss e d N a n o c o m p o s i t e s
Results o f  5 %  I.30E Ethacure specim ens processed at room tem perature b y  hand for 2 
minutes, sufficient on ly to disperse the organoclay and adequately m ix  the curing agent, 
are shown in Tables 7 .11  and 7.12 . These specim ens display properties alm ost identical to 
those processed using the standard lo w  shear processing technique.
The absence o f  high tem perature and kinetic processing resulted in these specim ens 
having no tim e other than during cure in w hich pre-intercalation could occur. Therefore, 
this system  does not appear to require pre-intercalation and can accom plish this and 
continue to undergo exfoliation  during the curing conditions that w ere used. G iven  a high 
enough temperature to adequately reduce visco sity  the resin and organoclay are 
sufficiently  com patible to attain the therm odynam ically favourable state o f  pre­
intercalation without the need for m echanical agitation.
The ability o f  unprocessed specim ens to becom e intercalated or exfoliated should occur 
with resin system s that are cured above a certain temperature and have a sufficiently  long 
period before the gel point is reached. Resin-organoclay com patibility is good due to 
sim ilar organophilic behaviour, but at room  temperature the high resin v isco sity  prevents 
pre-intercalation. W hen visco sity  is sufficiently  reduced b y  raising the temperature pre­
intercalation can occur. This tem perature w ill depend on the original v isco sity  o f  the resin 
at room  temperature and the properties o f  the organoclay. H ow ever, specim ens produced 
w ill usually have an inferior dispersion to specim ens processed b y  low  shear and far 
inferior to those processed w ith high shear.
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7b.3.3. In f l u e n c e  o f  O r g a n o c l a y  T y p e 
7b.3.3.i. N a n o m e r  I.30E N a n o c o m p o s i t e s
Specim ens m anufactured b y  h igh  and lo w  shear techniques using I.30E organoclay show  
a far superior reduction in rate and equilibrium  uptake than intercalated or clay-filled  
specim ens. The h igh  level o f  com patibility and exfoliation  results in increased volum es o f  
polym er becom ing affected b y  the h igh  levels  o f  bonding and constraint aw ay  from  the 
c la y  surface itself.
7b.3.3.2. N anofil 32 N a n o c o m p o s i t e s
Specim ens m anufactured using N an ofil 32 show  a decreased rate and equilibrium  acetone 
uptake com pared to the pristine polym er but w ith  reductions o f  one h a lf  to one third those 
o f  I.30E nanocom posites. T hese specim ens, unlike those o f  N an ofil 32 P olyp ox 
nanocom posites, result in a consistent perm eability decrease w ith  proportionality to 
increasing organoclay content. T h e sm aller c la y  layer separation lim its the volum e o f  
polym er influenced b y  changes in p olym er bonding and constraint around the c la y  layers, 
resulting in sm aller property alterations. O rganoclay-polym er com patibility is sufficiently  
good or the properties o f  Ethacure prevent increased acetone-clay interactions like those 
seen in N anofil 32 P o lyp o x  specim ens w here the rate and equilibrium  uptake is increased.
7B.3.3.4. U M C  Specimens
Specim ens produced w ith U M C  are rather m ore surprising, show n in Figure 7.37 and 
Tables 7 .11  and 7 .12 . A t  lo w  percentages o f  c la y  these specim ens sligh tly  reduced the 
acetone perm eability o f  Ethacure. H ow ever, at higher c la y  contents the penn eability  
increases to a level alm ost the sam e as that o f  the pristine m aterial. This is in stark 
contrast to U M C  P olyp ox specim ens that displayed vast increases in rate and equilibrium  
uptake, in a sim ilar w a y  to the properties o f  N anofil 32 Ethacure and P olyp ox 
nanocom posites but to a greater extent. Therefore, the dissim ilar behaviour m ust arise due 
to differences in the properties o f  the pristine m aterial in each case. F or exam ple, the h igh 
perform ance arom atic Ethacure curing agent m ay produce a low er vo id  content specim en 
that is less affected b y  fillers or one in w hich  acetone is less able to disrupt interm olecular 
bonds and subsequently changes the properties to a m uch lesser extent.
C lay-filled  com posites w ill generate a slight increase in the d iffusion pathw ay due to the 
large c la y  particles form ing a barrier. H ow ever, these particles w ould  b e  several m icrons 
across and o f  an aspect ratio around 1 due to their spherical shape. T h ey  should also 
posses unintercalated c lay  galleries that acetone can penetrate and collect, these factors do 
not appear to affect the properties o f  Ethacure specim ens.
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7b .4. In f l u e n c e  o f  St o i c h i o m e t r y  o n  P e r m e a b i l i t y  
7b .4.1. In t r o d u c t i o n
A n  investigation into the e ffect o f  stoichiom etric ratio on the solvent uptake o f  pristine 
and nanocom posite Ethacure specim ens w as conducted. This w ould  reveal w hether the 
practice o f  using low er than stoichiom etric curing agent resulted in better levels  o f  
exfoliation  and w hether nanocom posites retain an advantage at stoichiom etric quantities. 
X R D  could not be used to accurately  analyse the differences as all m orphologies 
contained a c la y  layer spacing greater than that detectable. Therefore, specim ens 
containing 0, 5 and 10 %  1.3OE w ere m anufactured using the m aster-batch approach 
(Section 3.2.3) w ith  curing agent ratios 1 .1 ,  1, 0.95, 0.9 and 0.8 tim es that o f  the 
stoichiom etric quantity.
7b .4.2. R e s u l t s  o f  S t o i c h i o m e t r i c  R a t i o  T e s t i n g  
7 b .4 .2 .i. E f f e c t  o f  C u r i n g  A g e n t  R a t i o
Figures 7.39a-c show  m ass gain curves dem onstrating how  curing agent ratio affected the 
rate o f  acetone uptake for 0, 5 and 10 %  o rgan o clay  specim ens. F igure 3.40 show s how  
the curing agent ratio has affected the rate o f  acetone perm eability, also show n 
n um erically in T ab le  7 .13 . F igure 3.41 show s h ow  the curing agent ratio has affected the 
equilibrium  rate o f  acetone uptake, also show n num erically in Table 7 .14 .
Specimen
Curing agent ratio (times stoichiometric)
0.8 0.9 0.95 1.0 1.1
0% Ethacure 3.46 2.62 2.02 1.90 2.23
5%  Ethacure 2.08 0.95 0.91 1.03 1.39
10% Ethacure 0.76 0.47 0.45 0.54 0.74
Table 7.13. Average rate o f  acetone uptake in Ethacure specimens (% mass gain/day).
Specimen
Curing agent ratio (times stoichiometric)
0.8 0.9 0.95 1.0 1.1
0% Ethacure 34.50 30.83 30.23 30.14 30.26
5%  Ethacure 30.90 27.07 27.42 28.22 28.24
10% Ethacure 27.06 25.58 25.64 25.98 26.47
Table 7.14. Average equilibrium acetone uptake in Ethacure specimens (% mass gain).
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Figures 7.39a-c. Acetone uptake into Ethacure 
specimens with curing agent ratios 0.8, 0.9, 
0.95, 1 and 1.1 times stoichiometric at (a) 0%, 
(b) 5% and (c) 10% I.30E organoclay loading.
Pristine Polym er  Specimens
It can be seen from Figures 7.39a and 7.40 and Table 7 .13  that for pristine Ethacure 
specim ens the 1.0 ratio perform ed best in terms o f  acetone uptake, fo llow ed  b y  0.95, 1 .1 , 
0.9 and 0.8. This order also holds true for equilibrium  acetone uptake (Figure7.41 and 
T able 14); how ever, the equilibrium  level for all but the 0.8 ratio specim ens is very  
sim ilar and differ b y  only 0.7% .
The specim ens have perform ed in a sequence that w ould be expected due to the correct 
stoichiom etry being used in the best perform ing specim ens. H ow ever, the excess o f  am ine 
groups in 1.1 ratio specim ens does not seem to have severely  affected its perform ance, 
unlike w hen tested in water (G rave et al. 1998), so that it displays on ly  slightly inferior 
properties than those o f  the 0.95 ratio specim en.
5% Nanocomposite Specimens
Figures 7.39b &  7.40 and Tables 7 .13  &  7 .14  show results o f  Ethacure specim ens 
containing 5 %  I.30E organoclay. These specim ens have perform ed in a different sequence 
to those o f  pristine Ethacure. The best perform ing specim en for rate o f  acetone uptake 
w as 0.95 ratio fo llow ed b y  0.9, 1.0, 1.1 and fin ally  0.8. The equilibrium  acetone uptake 
also fo llow ed  this pattern (Figure 4.41 and Table 7.14); how ever, the difference between
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specim ens w as m ore noticeable than those not containing organoclay. The tw o specim ens 
containing slightly  less than stoichiom etric quantities, 0.9 and 0.95, show  a slightly low er 
level o f  equilibrium  uptake than the other specim ens.
Curing agent ratio (x stoichiometric)
Figure 7.40. Rate o f acetone uptake into 
Ethacure specimens at varying curing agent 
stoichiometry and I.30E organoclay loading.
Curing agent ratio (x stoichiometric)
Figure 7.41. Equilibrium acetone uptake into 
Ethacure specimens at varying curing agent 
stoichiometry and I.30E organoclay loading.
10% N a n o c o m p o s it e  Sp e c im e n s
Figures 7.39c &  7.40 and Tables 7 .13  &  7 .14  show  results o f  specim ens containing 10%  
I.30E organoclay. These specim ens have perform ed in a sim ilar w a y  to those containing 
5%  organoclay but with increased reductions. The best perform ing specim en for rate o f  
acetone uptake w as 0.95 ratio fo llow ed  b y  0.9, 1.0, 1.1 and fin ally  0.8. H ow ever, the 
difference betw een all the specim ens is m uch sm aller than those containing 5 %  
organoclay. Even specim ens o f  0.8 and 1.1 ratios are very  sim ilar to the other three; the 
level o f  sensitivity to curing agent stoichiom etry seem s to reduce as organoclay content is 
increased.
7b.4.2.2. A nalysis o f C uring A g e n t Stoichiometric R atio
The perm eability o f  specim ens containing organoclay have perform ed in a sequence that 
is different from the pristine polym er, specim ens with stoichiom etric quantities did not 
perform  best. Specim ens w ith slightly  low er than stoichiom etric quantities o f  curing agent 
achieved a low er rate and equilibrium  uptake than those with exact stoichiom etry. It had 
been assumed w hen using Ethacure that a low er than stoichiom etric quantity w ould aid 
exfoliation, this theory seem s to have been proved b y  this test. Specim ens w ith a curing 
agent ratio o f  0.95 show  a reduced rate and equilibrium  uptake o f  11 .6  and 4 .6%  
respectively  at 5 %  organoclay com pared to stoichiom etric quantities with the same 
organoclay content. H ow ever, these values change to 16.6 and 1%  for rate and 
equilibrium  uptake w hen at 10 %  organoclay content. These values represent a reasonable
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increase in perform ance due to a sm all change in the ratio o f  constituent m aterials. 
E sp ecially  considering that this change can b e  im plem ented w ith  no increase in the cost 
o f  m aterial or processing tim e, although there m ay be a slight increase in tim e required to 
fu lly  cure the m aterial.
The use o f  low er than stoichiom etric quantities o f  curing agent are aiding the exfoliation  
o f  c la y  layers, but this still occurs quite w ell at stoichiom etric quantities. A lso , the 
perm eability properties o f  these m aterials do not seem to b e  severely  im paired w hen 
greater than stoichiom etric quantities o f  curing agent are used, esp ecia lly  at higher 
organoclay loadings. I f  w ater w ere used during these tests then excess am ine groups 
w ould  probably have had greater influence due to the sim ilar polarity o f  w ater and am ine 
groups This seem ing insensitivity  to curing agent ratio is an advantage as it show s that 
exfoliation  should occur i f  the correct m aterials are used and does not re ly  h eav ily  on the 
exact ratios o f  constituent m aterials.
7b.4.2.3. E ffect of O r g a n o c l a y  C o n t e n t  O n  E xfoliation
Figures 7.42a-e show  m ass gain curves o f  0, 5 and 10 %  1.3OE organoclay specim ens for 
each individual curing agent ratio tested. F igure 7.43 shows the relative perm eability o f  
specim ens at varyin g curing agent ratios, also show n num erically in T ab le  7 .15 . F igure 
7.44 show s how  relative equilibrium  uptake has been affected b y  curing agent ratio, also 
show n num erically in T ab le  7 .16 .
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For each o f  the curing agent ratios tested the nanocom posite specim ens perform ed better 
than the pristine polym er. Figures 7.42a-e show  consistently that as organoclay loading 
increases, at any curing agent ratio, perm eability decreases.
Specimen
Curing agent ratio (times stoichiometric)
0.8 0.9 0.95 1.0 1.1
0% Ethacure LOO 1.00 1.00 1.00 1.00
5%  Ethacure 0.60 0.36 0.45 0.54 0.62
10% Ethacure 0.22 0.18 0.22 0.29 0.33
Table 7.15. Relative rate o f  acetone uptake in Ethacure nanocomposites compared
to 0% specimens in each series
Specimen
Curing agent ratio (times stoichiometric)
0.8 0.9 0.95 1.0 1.1
0% Ethacure 1.00 1.00 1.00 1.00 1.00
5%  Ethacure 0.90 0.88 0.91 0.93 0.94
10% Ethacure 0.79 0.83 0.85 0.86 0.87
Table 7.16. Relative equilibrium uptake in Ethacure nanocomposites compared 
to 0% specimens in each series.
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Figure 7.40 ( p i97) g ives a good overview  o f  this series o f  tests, increasing organoclay 
content leads to a decrease in rate o f  uptake. L ines jo in in g specim ens o f  equal organoclay 
content also get flatter as the curing agent ratio becom es less important to the final 
perm eability, especially  at 10%  loading w here little difference is seen at any curing agent 
ratio.
Figure 7.42a. Figure 7.42b.
Figure 7.42c. Figure 7.42d.
Figures 7.42a-e. Acetone uptake into 0, 5 and 
10% I.30E Ethacure specimens at curing 
ratios o f (a) 0.8, (b) 0.9, (c) 0.95, (d) 1.0 and 
(e) 1.1 times stoichiometric.
Figure 7.42e.
A t 5 %  organoclay loading there is enough unfilled m atrix to enable the c la y  layers to 
exfoliate as m uch as possib le during cure. The extent o f  exfoliation is not restricted b y  
any m echanism  other than the lim it o f  the forces driving the clay  layers apart. This can 
explain w h y at favourable curing agent ratios, 0.9 and 0.95, exfoliation is increased and 
perm eability reduced. Com pared to unfavourable curing agent ratios w here either these
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driving forces do not d evelop  so strongly or have less time before the gel point is reached 
so clay  layers cannot separate as far, resulting in a slightly higher perm eability.
H ow ever, at 10%  loading the density o f  c la y  layers is so high that exfoliation  is lim ited b y  
surrounding c la y  layers and they can on ly  separate to a certain regular distance. In this 
case the final extent o f  separation is not governed b y  the curing reaction driving c la y  
layers apart but b y  the high density o f  c la y  layers preventing any further separation and 
placing a lim it on the distance any individual c lay  layer can separate from another. This 
lim it is reached at, or probably before, 10 %  and causes the observed perm eability o f  
specim ens at different curing agent ratios to be very  similar. This factor is w itnessed in 
X R D  results w hereby any specim en o f  greater than around 7 .5 %  organoclay appears to be 
intercalated due to this lim it on the level o f  c la y  layer separation.
T he relative rate o f  uptake attained for these specim ens is shown in Figure 7.43 and Table 
7 .15 . Each specim en’ s rate o f  perm eability at 5 or 10%  is com pared to the 0%  specim en 
at the sam e curing agent ratio. The specim en w ith the greatest relative reduction is 0.9; 
h ow ever, those o f  0.95 are on ly  slightly  higher and have a low er actual perm eability. The 
relative reduction appears greater because the 0.9 ratio pristine polym er has a higher 
original perm eability.
It is interesting to note the shape o f  the curves form ed b y  som e o f  these specim ens. 
Specim ens that experience accelerated curing due to low er than stoichiom etric curing 
agent ratios, 0.9 and 0.95, display a distinct curvature in the relative reduction plot. This 
is probably due to the increased level o f  exfoliation  being developed at 5 %  that cannot be 
reached at 10%  for the reasons discussed above. This curvature w ould be m ore 
pronounced i f  specim ens w ith low er than 5 %  organoclay had been included w hich could 
separate even further before reaching this c la y  density lim iting factor.
Figure 7.43. Relative rate o f acetone uptake Figure 7.44. Relative equilibrium uptake
compared to the 0% specimen in each series. compared to the 0% specimen in each series.
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7b .5. In f l u e n c e  o f  So r p t i o n  M e c h a n i s m  o n  P e r m e a b i l i t y  
7b.5.1. In t r o d u c t i o n
It w as suggested in Section 7B .1.4  that the disparity betw een perm eability reductions 
achieved w ith  Ethacure specim ens in w ater and acetone m ight b e  due to the m echanism  
o f  uptake in each case. W hereby, reductions w ere achieved in acetone specim ens due to 
changes in the rate o f  polym er relaxations slow in g dow n C ase II front ve lo city . Therefore, 
in situations w here polym er relaxations are not the controlling factor, and perm eability is 
controlled b y  the rate o f  diffusion, changes to polym er relaxation rate due to organoclay 
w ill not influence the overall sorption process. This w ill result in nanocom posites not 
im proving the perm eability o f  specim ens w hen the m echanism  o f  uptake is Fickian. This 
theory can be tested b y  utilising the temperature-penetrant activ ity  interaction (Section 
7 a . 1.2.5) to adjust the sorption m echanism . B y  increasing tem perature the rate o f  
diffusion increases to a lesser degree than the rate o f  polym er relaxation, hence the uptake 
m echanism  becom es increasingly Fickian. This should result in nanocom posite specim ens 
displaying less o f  an advantage over the pristine polym er as tem perature increases, and 
the inverse as the tem perature decreases.
7b .5.2. E x p e r i m e n t a l  Pr o c e d u r e
Standard gravim etric testing (Section 7 b . 1 .2 .1) w as em ployed using flat plate (Section 
7 b . 1.2.2) specim ens m anufactured using a m aster-batch approach (Section 3.2.3) w ith 
high shear processing (Section 3.2.2.1). Ethacure specim ens containing 0 and 5 %  I.30E 
w ere tested at -25, 5, 20, 35, 45, 55, 65 and 75 °C .
7b .5.3. R esults o f  t h e  In f l u e n c e  o f  T e m p e r a t u r e  o n  U p t a k e
Figures 7.45a-h show  acetone uptake into Ethacure specim ens at varyin g  temperature. 
B est fit curves have been fitted in each case to d isplay the m odel used to estimate the 
position o f  specim ens in the F ick ian -C ase II spectrum. T able 7 .1 7  show s num erical data 
o f  relative rate o f  acetone uptake for nanocom posites com pared to the pristine polym er 
and the SM F  at each temperature. V a lu es o f  pristine polym er rate and equilibrium  acetone 
uptake are also g iven  in T ab le  7 .17 .
F igure 7.46 shows the tem perature dependence on relative nanocom posite perm eability 
and SM F  factor. Figures 7.47 and 7.48 show  the temperature dependence on tim e to 
equilibrium  and equilibrium  uptake respectively  for the pristine polym er.
7 b .5 .3 .i . I n f l u e n c e  o f  T e m p e r a t u r e  o n  N a n o c o m p o s i t e  P e r m e a b i l i t y
Figure 7.46 and T able 7 .1 7  show  that increasing temperature results in lo w er relative 
nanocom posite penneability. T h e near 100°C temperature range in volved  resulted in
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nanocom posite relative perm eability changing from  0.36 to 0.66 tim es that o f  the pristine 
polym er. A lthough, the nanocom posite is still providing a large reduction in perm eability 
at higher temperature its effectiveness is m uch reduced.
Figure 7.45a. Figure 7.45b.
Figure 7.45c. Figure 7.45d.
Figure 7.45g. Figure 7.45h
Figure 7.45a-h. Acetone uptake o f I.30E Ethacure specimens at (a) -22°C, (b) 5°C, (c) 25°C, (d) 
35°C, (e) 45°C, (f) 55°C, (g) 65°C and (h) 75°C.
This reduction in nanocom posite relative perm eability is accom panied b y  a change in 
sorption m echanism . A s  temperature increases sorption becom es less C ase II and
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increasingly  Fickian. A lth ou gh  neither extrem e case has been w itnessed, all uptake should 
b e classed as pseudo-Fickian or anom alous, the extrem e values o f  0.90 and 0.59 do com e 
close  to the assum ed m odel SM F  values o f  1 and 0.5.
T he association o f  relative nanocom posite perm eability and sorption m echanism  suggest 
that changes in polym er relaxations do indeed cause the changes in nanocom posite 
perm eability m easured in the Ethacure-acetone system . Increasing tem perature has shifted 
the sorption m echanism  from  being predom inantly C ase II tow ards increasin gly  Fickian  
behaviour as seen in the tem perature-penetrant activ ity  diagram  (Section  7a . 1.2.5). This 
results in the rate o f  polym er relaxations, w hich  control C ase II front ve lo city , bein g  
accelerated m ore than the rate o f  diffusion. This generates increasingly diffusion 
controlled uptake and increasing Fickian  behaviour. Presum ably this trend w ould  
continue until either the polym er and nanocom posite perm eabilities w ere identical or the 
glass transition tem perature is reached. I f  the glass transition tem perature w ere reached 
then polym er relaxations should cease to becom e a controlling factor and sorption w ould  
b e controlled b y  diffusion.
Temperature
(°C)
Relative rate o f 
nanocomposite 
uptake
SMF
0% time to 
equilibrium 
(hours)
0% equilibrium 
uptake (%)
-22 0.361 0.90 2800 34.07
5 0.408 0.88 1300 32.24
20 0.431 0.79 170 30.83
35 0.464 0.72 72 30.53
45 0.515 0.67 24 30.05
55 0.566 0.64 19 29.50
65 0.626 0.61 12.5 29.22
75 0.663 0.59 10 28.90
Table 7.17. Influence o f  temperature on the soiption properties o f  Ethacure specimens.
Therefore, it is lik e ly  that organ o clay  in Ethacure specim ens has m ade sufficient 
alterations to the polym er netw ork to decrease polym er chain segm ental m obility. T hese 
changes w ill h ave m ost effect near to the c la y  surface and reduce in intensity out towards 
the b ulk  polym er. H ow ever, due to large organoclay surface areas o n ly  sm all volum es o f  
p olym er are sufficiently  far from  a c la y  platelet not to be affected.
The sm all acetone perm eability reduction seen in P olyp ox nanocom posites presum ably 
occurs due to the sam e m echanism . T h e difference in the size o f  the reductions m ay be 
due to tw o reasons; firstly, in the less g la ssy  P o lyp o x  system  p olym er relaxations m ay 
h ave a less significant influence over sorption and, therefore, changes in polym er bonding 
and constraint w ill not result in the sam e scale o f  perm eability reductions. This has been
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seen in the uptake m echanism  o f  acetone into P olypox at room temperature in w hich an 
SM F  factor o f  0.65 can be used to estim ate the m echanism  o f  uptake. This is low er than 
Ethacure and sorption w ill, therefore, be increasingly controlled b y  the rate o f  diffusion. 
Secondly, polym er-organoclay bonding m ay be inferior and result in less significant 
changes in polym er bonding and constraint surrounding c lay  layers and have less o f  an 
effect aw ay from the c la y  surface. These sm aller changes m ay result in only  m inor 
changes in polym er relaxations and, therefore, result in only  sm all perm eability 
reductions.
Figure 7.46. Influence o f temperature on 5% I.30E Ethacure nanocomposite 
relative acetone permeability and SMF.
This theory can also be applied to the Exchem  and DEH system s, w hereby intercalated 
Exchem  specim ens m ay result in little change in polym er bonding and constraint and, 
therefore, no change in uptake w ould be expected. W hereas, the D EH  system  tends to 
show  m ore Fickian behaviour even w hen in acetone; therefore, the m echanism  o f  
perm eability reduction cannot occur as uptake is not predom inantly C ase II. H ow ever, 
this w ould not explain the negative im pact o f  organoclay on D EH  specim ens when 
exposed to acetone. This m ay arise due to a reduction in polym er bonding and constraint 
generating a polym er m atrix w ith inferior properties that can be plasticised m ore easily. 
There is no experim ental evidence to support the sam e m odel being applied to these resin 
system s. H ow ever, this theory that changes to the polym er netw ork surrounding c lay  
platelets are responsible for changes in perm eability, does a llow  for the results seen in 
these system s.
7b.5.3.2. In f l u e n c e o f T e m p e r a t u r e o n R a te a n d Equilibrium U p t a k e
Figures 7.47 and 7.48 dem onstrate how  changes in temperature affect acetone sorption 
into Ethacure. Increasing tem perature results in a relatively linear decrease in equilibrium  
uptake. W hereas, tim e taken to reach equilibrium  displays a relatively  linear logarithm ic
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dependence upon temperature. Both factors indicate asym ptotic behaviour that w ould be 
expected at extrem e values.
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Figure 7.47. Temperature dependence on 
time taken to reach equilibrium in pristine
Ethacure specimens. specimens.
7b .6. W a t e r  V a p o u r  P e r m e a b i l i t y  T e s t i n g 
7b.6.1. In t r o d u c t i o n
W ater vapour perm eability testing w as conducted to determ ine w hether the rate at w hich 
m oisture w ill d iffuse through a nanocom posite sheet is affected. U nlike gravim etric 
testing in w hich the equilibrium  content is important, water vapour perm eability testing 
w ill not depend on the amount o f  m oisture in the specim en but the rate at w hich  it 
diffuses. Therefore, m oisture that is bound to clay  platelets and present as a separate 
phase in voids w ill not affect specim en perm eability, on ly  m obile m olecules that 
com prise the fraction causing free diffusion w ill be important. This should g ive  a better 
indication o f  perm eability but can be harder to attain accurate results.
7b.6.2. M ois tu r e D iffusivity
Specim ens o f  know n dim ension are placed in a position w here they are subjected to a 
w ater vapour or w ater pressure gradient. This can be achieved in tw o m ain w ays, know n 
as the desiccant and w ater m ethods.
D esiccant M ethod: A  container is used to expose one side o f  a specim en to high relative 
hum idity and the other to a m uch low er hum idity (Figure 7.49). A  desiccant is used to 
produce low  hum idity inside and a hum idity cham ber to produce high hum idity outside 
the container. The edges are sealed and the increase in mass as m oisture passes through 
the specim en is m easured using an accurate balance.
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Figure 7.48. Temperature dependence on
equilibrium uptake in pristine Ethacure
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S p ec im en  -
Sealan t - 
A lu m in iu m  
container  
C alcium  ch lorid e  
d esiccan t
H ig h  R H
H 4  H 4
Low RH
Figure 7.49. Experimental setup used in the desiccant method.
W ater M ethod: A  sim ilar experim ental setup is used but w ater is p laced inside the
container and sealed w ith the specim en over the exposed surface (Figure 7.50). This is
placed in a w arm  dry oven to generate a lo w  hum idity on the outside and high on the
inside. T h e amount o f  m oisture passing through the specim en is m easured b y  recording
the decrease in m ass o f  the container, specim en, water, sealant and all accom panying
item s w ith  an accurate balance.
S p e c im e n  j L o w  R H
S e a la n t- 
A lu m in iu m  
con ta in er
W ater
’ H  H  H [
High RH
Figure 7.50. Experimental setup used in the water method.
Both m ethods require that the sam ple b e saturated before testing begin s so that m oisture 
starts to deposit on the lo w  R H  side q u ick ly  instead o f  building up inside the sam ple. This 
w ould  not affect the end result o f  a test but w ould cause a slow  initial increase in w eight 
as the specim en becom es saturated. A dditionally, b y  saturating the specim en prior to the 
test, both sides o f  the specim en w ill b e  exposed reducing the tim e to equilibrium .
7B.6.3. M e t h o d o l o g y
7b.6.3.i. Spec im e n Pr ep ar a ti o n a n d  Sa t u ra t io n
P olyp ox and Ethacure specim ens ( 1 .5 x 1 25m m ) containing 0 and 5 %  I.30E organoclay 
processed b y  the resin grinding technique (Section 3.2.2.1) w ere m anufactured b y  the 
vacuum  assisted resin infusion m ethod (Section 3.2.1.2). These specim ens w ere then cut 
to fit over the aluminium  m oulds to be used. A  standard gravim etric test w as then applied 
to the plates in a hum idity cham ber at 50°C  until saturation had been reached. W hen fu ll 
saturation w as reached the w ater vapour perm eability tests w ere started.
7b.6.3.2. E x p e r i m e n t a l Pr o c e d u r e
W elded  aluminium  containers for use as desiccators w ere m anufactured to a design that 
w ould  satisfy the conditions o f  A S T M  E96-95; W ater V apour Transm ission o f  M aterials. 
T h e standard states that the m outh area shall b e  no sm aller then 3000mm2 and w ith  a 
large lip  to aid sealing. The alum inium  containers w ere w ell cleaned w ith acetone to 
rem ove any m aterial that m ay h ave caused an increase or decrease in m ass during testing.
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Sufficient calcium  chloride, or w ater depending on method used, w as placed inside the 
container. A  10mm w id e 2mm thick layer o f  sealant w as placed around the lip o f  the 
containers and the edges w ere sealed w ith w ax. The container, specim en, sealant and 
desiccant w ere then w eighed on a balance accurate to 0.0 lg . Specim ens w ere then placed 
in a hum idity cham ber at 50°C , or in a standard oven at 50°C for the w ater m ethod, and 
rew eighed at regular intervals.
7b .6.4. R e s u l t s  o f  W a t e r  V a p o u r  P e r m e a b i l i t y  T e s t i n g  
7b.6.4.i. P o l y p o x  S p e c im e n s
Figure 7.51 shows m ass gain against tim e plots for P olypox specim ens, tw o o f  the pristine 
P olypox specim ens appear to show  a w ater vapour transmission rate far greater than other 
specim ens. This is due to inadequate sealing o f  the container a llow in g m oisture to travel 
directly to the lo w  hum idity side o f  the specim en. This w as caused b y  m oisture being 
deposited into the air tight low  hum idity side o f  the specim en; this generated an increased 
pressure that caused all specim ens to b ow  outwards. This resulted in parts o f  the specim en 
being pushed aw ay from  the sealant and caused gaps to occur and thus release the 
pressure. It w as, therefore, easy to identify  w hich  specim ens did not have an air tight seal 
and in both cases corresponded to the tw o pristine P olypox specim ens shown. H ow ever, it 
can be seen that the perm eability o f  one pristine specim en over the entire period and one 
specim en over the initial stages o f  the test occurred at the sam e rate as nanocom posite 
specim ens. This indicates that organoclay did not reduce the w ater vapour perm eability o f  
the P olypox resin system . H ow ever, unlike gravim etric testing in w hich  an increase in 
equilibrium  content w as observed, both nanocom posite and pristine polym er specim ens 
displayed sim ilar perm eabilities. This is thought to occur because the additional m oisture 
in nanocom posite specim ens is bound to the platelet surface and present in void s as a 
separate phase, this does not increase the diffusion rate o f  m obile m olecules that com prise 
the fraction causing free diffusion.
Figure 7.51. Water vapour transmission through Polypox 
specimens using the desiccant method.
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7 b .6.4.2. E t h a c u r e  S p e c i m e n s
F ollow in g the difficulties encountered w ith positive pressures evo lvin g  inside the 
aluminium  containers and separating specim ens from the sealant, the w ater m ethod w as 
used. This should result in the reverse situation arising and negative pressure being 
form ed inside the containers increasing the quality o f  the seal. The results o f  Ethacure 
specim ens using the w ater m ethod are shown in Figure 7.52. It can be seen that one 
specim en still exhibits a sudden decrease in m ass but then settles dow n to a steady state 
parallel to all other specim ens as the pressure decreases and the quality o f  seal increases. 
N anocom posite specim ens do not display a reduced perm eability and all specim ens tested 
appear to have a sim ilar gradient.
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Figure 7.52. Water vapour transmission through Ethacure specimens 
using the water method.
7b.6.5. A nalysis o f  W a t e r  V a p o u r  P e r m e a b i l i t y T esting
Som e specim ens did not display steady state uptake due to the quality o f  seal generated 
using the desiccant method. H ow ever, the perm eability o f  nanocom posite specim ens w as 
not reduced com pared to the pristine m aterial in either P olypox or Ethacure specim ens. 
The slight increase in nanocom posite equilibrium  uptake observed during gravim etric 
testing did not affect the rate o f  transmission. D uring this type o f  testing the total amount 
o f  w ater absorbed is not m easured; therefore, even i f  the equilibrium  uptake level is far 
higher in the nanocom posite specim en the rate o f  transfer rem ains unchanged. This is a 
m ore accurate representation o f  perm eability than gravim etric absorption during w hich 
changes in total uptake can alter the appearance o f  the rate o f  uptake. A lthough the level 
o f  organoclay exfoliation is relatively  good compared to m any other ep oxy 
nanocom posites, the dispersion level is still insufficient to generate reductions in 
perm eability that have been recorded in a lim ited number o f  ep o xy  and a range o f  
therm oplastic system s.
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7b .7. d i s c u s s i o n a n d  C o n c l u s i o n s  o f  N a n o c o m p o s i t e  
P e r m e a b i l i t y
N anocom posite perm eability is a com plex issue that depends on a num ber o f  factors such 
as organoclay exfoliation  and dispersion, organoclay-polym er bonding, changes in 
p olym er constraint surrounding the c la y  surface, penetrant activ ity  and the subsequent 
sorption m echanism  and polym er-penetrant interactions. M ost o f  these factors cannot b e  
m easured directly and the changes that occur are often a com bination o f  m any o f  these 
influences.
O rganoclay  exfoliation  and dispersion is the on ly  factor that can b e accurately classified. 
A lth ou gh  individual c la y  layers h ave been observed to be w ell separated the dispersion 
produced in these specim ens is far from  ideal. This has resulted in no perm eability 
decreases being observed due to a tortuous path m echanism . It has been seen in som e 
published research (Chang et al. 2003; Osm an et al. 2003) that tactoid dispersion can be 
m ore important than c la y  layer exfoliation  in order to reduce perm eability. In w hich, 
intercalated specim ens w ith  w ell-dispersed c la y  tactoids o f  around 10 layers are able to 
reduce gas perm eability; w hereas, exfoliated  layers in larger c la y  tactoids do not result in 
perm eability reductions. A ch ie v in g  sufficient tactoid dispersion can often b e far m ore 
d ifficu lt than that o f  exfoliation. W h ile  a chem ical exfoliation  m echanism  is dependant 
upon chem istry and can be controlled b y  ch oice  o f  m aterials and curing conditions, the 
break dow n o f  c la y  tactoids requires high shear devices that are not com m only used for 
p rocessing o f  liquid ep o xy  resins. This is not the case for therm oplastic polym ers in 
w hich  standard m ethods, such as extruders, are able to generate the h igh  forces required 
to separate c la y  tactoids. These m ethods can also result in c la y  platelets becom ing aligned 
in a single direction, the alignm ent o f  c la y  layers in the processing direction further 
increases the properties o f  these m aterials as all c lay  layers can be controlled to lie  
perpendicular to the direction o f  ingress. In a system  w here the processing direction is not 
controlled a large proportion o f  c la y  layers w ill lie  parallel to the direction o f  ingress and 
w ill not increase the path length o f  the diffusin g penetrant.
E ven  som e ep o xy  system s that h ave show n a high level o f  m acroscale dispersion created 
using high pressure processing m ethods h ave only shown m odest reductions in 
perm eability (Liu et al. 2005a). This m ay  indicate that unfavourable changes in the 
polym er are occurring that are not replicated in m any therm oplastic system s that exhibit 
extensive reductions in perm eability at apparently sim ilar, or in som e cases inferior, 
organoclay m orphology. H ow ever, the d ifference betw een ep o xy  and therm oplastic 
nanocom posites m ay not occur due to inferior thermoset polym er properties but superior
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therm oplastic polym er properties resulting from  organoclay incorporation. D ifferen ces in 
polym er perm eability m ay arise due to changes in bonding around c la y  layers w hich  can 
occur to a greater extent in therm oplastics. The ability  o f  organoclay to change polym er 
properties aw ay from  the c la y  surface causing reductions in perm eability w as described 
b y  B eall (2000) (Section 2.9.2.2) and has received  little attention as the m ore traditional 
tortuous path m odel is u su ally  attributed as bein g  responsible for perm eability reductions. 
It can be theorised that g la ssy  h igh ly  cross-linked ep oxy system s w ill b e  influenced less 
b y  changes in polym er bonding and result in  little change in polym er chain m obility; 
whereas, therm oplastic m aterials w ith  no cross-linking w ill be m ore h eav ily  influenced 
and result in larger changes in polym er bonding and chain m obility. U sin g  B e a ll ’ s m odel 
the changes in perm eability o f  a therm oset polym er w ould be sign ifican tly  less than those 
o f  a therm oplastic polym er. N o t o n ly  w ould  changes in polym er bonding and m obility  b e  
sign ificantly  greater but their influence w ould  propagate aw ay  from  the c la y  surface to a 
far greater extent. I f  the changes in polym er bonding and m obility  are assum ed to reduce 
w ith  distance from  the c la y  surface then the point at w hich the constrained p olym er 
properties are the sam e as the b ulk  w ill be far closer in therm osets and m ay on ly  h ave 
influence over the im m ediate surrounding polym er. H ow ever, this m odel still uses the 
tortuous path m echanism  as the basis for perm eability reduction and total reductions in 
perm eability w ill be due to a com bination o f  the tw o m echanism s. O rganoclay  exfoliation  
and dispersion w ill still be h igh ly  significant as increased m orph ology w ill increase the 
diffusion pathw ay and increase the volum e o f  constrained polym er but is not the on ly  
factor involved.
It has been suggested that solvent perm eability reductions achieved w ith  Ethacure occur 
due to increased polym er chain constraint, restricting polym er m obility  and slow ing 
polym er relaxations. This process essentially confonns to the B eall m odel but w ith an 
organoclay dispersion inadequate to ach ieve significant reductions v ia  a tortuous path 
m echanism  and relies on the constrained polym er to alter polym er m obility  in sufficient 
volum es to reduce perm eability. This is o n ly  achieved w ith penetrants that exhibit C ase II 
behaviour because the rate o f  relaxation controls sorption. This typ ica lly  occurs w hen 
organic solvents are used w hich  are absorbed in h igh quantities and cause the polym er to 
sw ell and turn into a rubbery m aterial. This transition from glassy  to rubbery m aterial 
a llow s organoclay to reinforce the m atrix and slow  dow n relaxations as the ep o xy  cross- 
linked netw ork is no longer rigid. In a sim ilar w a y  to constrained polym er in 
therm oplastics in w hich  polym er chains are slow er to rearrange under the influence o f  
m oisture during sorption.
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T h e developm ent o f  m aterials during testing o f  nanocom posite perm eability has 
proceeded on the assum ption that exfoliation  is better than intercalation. In the strictest 
interpretation o f  the terms exfoliation  and intercalation this theory w as p erfectly  correct. 
H ow ever, as the level o f  dispersion and organoclay-polym er interactions h ave such a 
great influence over perm eability the assessm ent o f  a m aterial b y  X R D  as exfoliated or 
intercalated has resulted in som e m aterials not being researched thoroughly. A  m aterial 
that w as assessed as intercalated b y  X R D  m ay  not have been pursued. This has led to 
research into attaining exfoliation  over other potentially m ore important issues, such as 
generating strong organoclay-polym er interactions. O rganoclay that can be exfoliated v ia  
chem ical exfoliation  m echanism s, such as octadecyl am m onium  surfactants, tend not to 
generate the best interactions w ith  polym ers as they h ave on ly  one long chain 
hydrocarbon chain w ith w hich  to engage in interm olecular bonding. H ow ever, surfactants 
that derive superior organoclay-polym er bonds tend to be quaternary and do not generate 
a chem ical exfoliation  m echanism  and rem ain intercalated. This m eans that exfoliated 
specim ens, b y  X R D , h ave been researched far m ore extensively  even though their ability  
to interact w ith polym ers is often inferior to those that are o n ly  intercalated. W hen 
sufficient processing equipm ent is available to generate exfoliation  b y  a m echanical 
m echanism  organoclays that develop superior organoclay-polym er interactions w ill 
provide superior properties. H yd roxyl groups in surfactants such as C lo isite  3OB and 
N an ofil 804 can engage in strong interm olecular bonding w ith  h yd roxyl groups in the 
cured ep oxy netw ork and form  strong interactions, in addition to the acid ic nature o f  these 
surfactants that can generate a chem ical exfoliation  m echanism . T h ese types o f  surfactant 
h ave been seen to produce epoxy, and other polym er, nanocom posites w ith som e o f  the 
m ost im pressive barrier and other properties.
T h e ability o f  w ell-dispersed intercalated nanocom posites to reduce the perm eability o f  
ingressing agents com pared to an exfoliated, b y  X R D  m easurem ent, specim en w ith  a 
poorer dispersion m eans that X R D  analysis is not as useful as origin ally  presented. Its use 
is lim ited to discovering the separation distance o f  c la y  layers and this m ay be irrelevant 
in determ ining w hether a specim en w ill result in perm eability reductions. A lth ou gh  this 
inform ation is useful it m ay result in situations w here continued experim entation is 
conducted to achieve exfoliation  w hen an intercalated m orph ology has been detected, 
even though the current intercalated specim en m ay deliver the desired properties. The 
term exfoliation  has on ly  been used during this study to indicate c la y  layer separations 
beyond the length o f  a surfactant chain that are undetectable b y  X R D . T o  use these 
idealistic terms to describe m acro- and nanoscale dispersion, except in the extrem ely rare 
instances w here they have been seen to occur, g ives a false im pression and is extrem ely
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com m on in published literature. In order to distinguish betw een varyin g  levels o f  
exfoliation  different classification  system s should be im plem ented to clearly  explain both 
m acro- and nanoscale dispersion. B y  defining the average c la y  layer spacing, the size o f  
c la y  tactoids b y  size or num ber o f  c la y  platelets and the distances betw een these tactoids a 
good overall representation o f  a nanocom posite can be formed.
A lth ou gh  the m acroscale organo clay  dispersion attained has not resulted in perm eability 
reductions through a tortuous path m echanism , the durability o f  fibre-nanocom posite 
could be im proved v ia  other m echanism s. B y  slow ing dow n the plasticisation o f  polym ers 
the long-term  properties o f  a nanocom posite m ay b e increased. O nce plasticisation has 
occurred the m echanical reinforcem ent observed in Chapter 5 m ay  also result in im proved 
properties after saturation has occurred.
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C h a p t e r  8 :  
D u r a b i l i t y  o f  P o l y m e r  a n d  F i b r e - 
N a n o c o m p o s i t e s
8.1. In t r o d u c t i o n
This chapter concerns the durability o f  nanocom posite m aterials m anufactured w ith and 
w ithout reinforcing fibres. A lth ou gh  investigation into the perm eability o f  
nanocom posites has been conducted the influence that organoclay has on the ph ysical 
properties o f  m atrix polym ers and fibre-com posites after environm ental conditioning is 
unknown. These factors are o f  greater interest to the c iv il engineer, than those o f  absolute 
perm eability, as they provide inform ation about m aterial durability and w ill thus reveal 
any potential changes arising due to organoclay.
T he post environm ental conditioned m echanical and thermal properties o f  polym er- 
nanocom posites are investigated to reveal any changes that can be attributed to 
organoclay. The post environm ental conditioned m echanical properties o f  fibre- 
nanocom posites are also investigated to assess w hether organoclay provides a m echanism  
other than reduced perm eability to im prove com posite durability.
8.2. B a c k g r o u n d , P r e v i o u s  W o r k  a n d  D i s c u s s i o n
8.2.1. P o l y m e r -Na n o c o m p o s i t e  M e c h a n i c a l  D u rability
E nvironm entally conditioned unreinforced ep o xy  polym ers are not often tested alone and 
are u su ally  conducted only  w hen  in a com posite. H ow ever, to determ ine w hich  
constituents and b y  w hat m echanism s organo clay  effects durability, the m aterials should 
b e tested in isolation w here possible. This w ill  enable any changes in the polym er to b e 
observed and then accounted for, a llow in g  for testing o f  the full com posite w ith  fibres and
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the crucial and susceptible interphase w ith  a firm  understanding o f  m atrix behaviour 
under the sam e conditions.
O ne study conducted b y  T jiu  et al. (2004) revealed that nanocom posite m echanical 
properties had an increased sensitivity  to m oisture. W hile the elastic m odulus o f  pristine 
and nanocom posite specim ens w as not influenced b y  a significant amount the ultim ate 
strength and strain reduced m ore in nanocom posites than in the pristine m aterial. This 
w as thought to occur due to w ater-platelet interactions causing m oisture to d iffuse along 
the interface and break dow n interfacial bonds rather than diffuse through the m atrix. 
Increased w ater uptake in these nanocom posites led to increased w ater clustering that w as 
also thought to generate stress concentrations and lead to premature fracture.
T h e effect o f  organoclay on environm entally conditioned ep o xy  m aterials is hard to 
predict and m any m echanism s m ay  im prove or im pair their m echanical properties. 
P olym er chains w ill b ecom e plasticised in the presence o f  w ater as th ey interfere w ith  the 
cross-linked network. It is possib le that nanocom posite specim ens w hich  achieve 
reductions in local segm ental m obility  as a result o f  constrained polym er m ay undergo 
less rapid plasticisation; how ever, g iven  sufficient tim e the levels  o f  plasticisation w ill 
probably b e  sim ilar due to the sam e polym er chem istry in pristine and nanocom posite 
specim ens. A s  the level o f  plasticisation increases the m odulus w ill reduce as the polym er 
netw ork becom es increasingly disrupted. It has been noted in Chapter 5 that as the 
difference betw een polym er and c la y  platelet m odulus increases the potential reinforcing 
effect also increases, resulting in higher reinforcem ent in epoxies w ith low er initial 
m oduli. A  sim ilar effect m ay occur in conditioned epoxies as the m odulus decreases; 
therefore, a greater decrease in m odulus due to plasticisation m ay result in larger property 
im provem ents as the relative platelet-m atrix stiffness increases. H ow ever, the reduction in 
m odulus after plasticisation m ay  not alter the relative stiffness sufficiently  to change 
m aterial properties and other effects due to organoclay m ay  dim inish or negate this factor.
For exam ple, stress transfer at the m atrix-clay  interface m ay becom e im paired due to the 
presence o f  w ater m olecules disrupting bonding, this m ay not enable the sam e level o f  
stress transfer as in unconditioned specim ens; therefore, reducing the ultim ate load 
earned b y  the c la y  platelets and the e ffic ie n cy  o f  stress transfer reducing stiffness. This 
effect m ay b e am plified b y  w ater m olecules binding onto the h igh ly  h ydrophilic platelet 
surface betw een surfactants, thus degrading the crucial inteiphase and im pairing any 
beneficial constrained polym er regions surrounding c la y  platelets.
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C on versely , the binding o f  w ater m olecules to c la y  platelets m ay b e ben eficia l for the 
polym er. B y  rem oving w ater m olecules from  the polym er netw ork w here they are 
potentially dam aging they b ecom e bound b y  the hydrophilic c la y  surface and prevented 
from  plasticising the polym er. This process, as discussed above, m ay  h ave a negative 
effect on the ability o f  the c la y  p latelet to reinforce the polym er; although, rem oving 
w ater m olecules from  the polym er netw ork m ight prove m ore beneficial than the 
reinforcem ent effect o f  organoclay. H ow ever, this m echanism  w ould  on ly display an 
advantage during the early stages o f  a test before a specim en has becom e saturated. 
A ssu m in g this m echanism  occurs, o n ly  initial w ater m olecules could b e  bound b y  the c la y  
until they reach saturation w h ile  subsequent m olecules w ould  still interact w ith the 
netw ork as norm al. H ow ever, w hen a lim ited amount o f  m oisture is absorbed b y  a 
polym er the preferential bonding o f  w ater to hydrophilic c la y  m ight result in a less 
plasticised polym er.
8 .2 .2 . P o l y m e r - N a n o c o m p o s i t e  T h e r m a l  D u r a b i l i t y
U nconditioned thermal and visco elastic  properties o f  nanocom posites w ill b e  review ed to 
h ighlight the w ide range o f  changes that can occur in these m aterials fo llo w ed  b y  the 
effects that m oisture can have on these properties.
8 .2.2 .I. U n c o n d i t i o n e d  N a n o c o m p o s i t e  P r o p e r t i e s
N anocom posite thermal properties h ave  been observed to change in m any different w ays, 
as discussed in Section 9.5.2 in reference to glass transition tem peratures, and are u su ally  
accom panied b y  an increased stiffness to one degree or another (Section 5.4). For 
exam ple, m oderate increases in storage m odulus in the g lassy  state and significant 
increases in the rubbery state have been observed w hen glass transition temperatures w ere 
decreased (A bot et al. 2003; C hen  &  C urliss 2003), unchanged (Zhou et al. 2006) and 
increased (Zhang et al. 2004; H uang et al. 2006). W h ile  other nanocom posites derived no 
detectable increase in storage m odulus at lo w  temperatures but still produced considerable 
increases at h igh  tem perature (Im ai et al. 2002). H ow ever, there is little evidence o f  
nanocom posites w ith reduced stiffness above the glass transition temperature. T h ese 
changes in glass transition tem perature are u su ally  in the region o f  ±20°C, w h ile  
increased storage m odulus in the g la ssy  and rubbery states can reach to 1.6 (Zhou et al. 
2006) and 3.3 (Zhang et al. 2004) tim es respectively.
It can be seen that glass transition tem perature can increase, decrease or rem ain 
unchanged due to variations in the polym er network. H ow ever, m echanical reinforcem ent 
o f  organoclay usu ally  provides som e leve l o f  increased stiffness w hen b e lo w  the glass 
transition and larger increases w hen above this temperature; therefore, glass transition and
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stiffness properties are largely  independent. It is possible that nanocom posites w ith 
increased glass transition tem peratures, in theory benefiting from  increased polym er 
constraint, m ight d isp lay  greater increases in storage m odulus above the glass transition 
w here decreased polym er m obility  w ould  h ave an increased relative effect com pared to 
lo w er temperatures.
8.2.2.2. I n f l u e n c e  O f  M o i s t u r e  O n  T h e r m a l  P r o p e r t i e s
There has been som e research into the potential o f  organoclay to im prove ep o xy  thermal 
properties w hen exposed to m oisture but w ith  few  positive results. T h e im pact o f  
m oisture on nanocom posites tend to result in a reduction in glass transition temperature, 
less intense and broader relaxation curves w hen com pared to unfilled  specim ens. It is 
assum ed that these changes occur due to the sam e reasons as in unfilled  specim ens; 
sp ecifica lly , plasticisation o f  the polym er due to w ater m olecules interfering w ith 
interm olecular bonding o f - O H  groups on the polym er chain (N ogueira et al. 2001), and 
uneven plasticisation o f  the polym er throughout a sam ple creating a broader but less 
intense tan 5 peak (W ang et al. 2006).
Investigation o f  the therm al stability o f  nanocom posites has revealed decreases in glass 
transition temperature alm ost identical to that o f  the pristine polym er (B ecker et al. 2004; 
W an g et al. 2006; K im  et al. 2004). In som e cases the initial nanocom posite glass 
transition tem perature w as greater and this increase remained constant (W ang et al. 2006; 
K im  et al. 2004) but no relative increase in therm al stability w as recorded. H ow ever, the 
effects o f  m oisture on nanocom posite and pristine polym er storage m odulus in both 
g lassy  and rubbery states h ave not been revealed.
8.2.3. F ibre-Na n o c o m p o s i t e  M e c h a n i c a l  D urability
T he durability o f  com posites has been a concern am ong engineers since they w ere first 
used, esp ecia lly  w hen using glass fibres in or next to concrete w here the high alkalin ity 
can accelerate degradation (M urphy et al. 1999). H ow ever, it has been show n that w ater 
can generate the sim ilar effect, decreases in strength and m odulus, as h igh ly  alkaline 
environm ents during short term testing (Tsotsis &  L ee  1996). This is o f  concern as it 
represents a m ore com m on situation that can arise from  a significant num ber o f  sources, 
whereas location next to a source o f  h igh alkalinity could be anticipated during design. A  
m ore detailed discussion o f  com posite durability is presented in Chapter 2 and highlights 
relevant inform ation.
Y e h  (2002) m anufactured glass fibre v in y l ester com posites and nanocom posites 
containing lw t%  C lo isite  10 A  that w ere held in an alkaline environm ent at 50, 31 and
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12 .5 %  o f  ultim ate tensile strength for 3 m onths or until failure. A  slight increase in 
durability w as found in the 3 1 %  loaded specim ens but no change at 50 %  and a slight 
reduction at 12 .5 % . In each case the spread o f  the data w as large and the sm all changes 
could be due to random  variability. This study provided no firm  evidence to suggest that 
organo clay  w ould increase the durability o f  com posite m aterials; how ever, the organoclay 
addition w as sm all and no evidence w as show n o f  organoclay dispersion.
8.3. E x p e r i m e n t a l  T e s t i n g  o f  N a n o c o m p o s i t e  D u r a b i l i t y
8.3.1. In t r o d u c t i o n
T h e durability testing o f  nanocom posites has been conducted to assess their m echanical 
and thermal properties. M echanical testing o f  environm entally conditioned pure polym er 
and fibre-com posite specim ens w as conducted b y  flexural and tensile testing respectively. 
W h ile  the glass transition tem perature o f  post environm entally conditioned specim ens has 
also been conducted to ascertain changes in thermal behaviour. T h ese three series o f  tests 
should provide inform ation about not o n ly  the perform ance o f  nanocom posite m aterials 
but also about the pristine m aterials in each case. A ll  tests conducted are com parative 
studies and are not representative o f  actual conditions, there is no attempt m ade to lin k 
properties achieved after accelerated testing to a sp ecific  exposure condition and duration.
8.3.2. M e t h o d o l o g y
8.3.2.1. P O L Y M E R -N A N O C O M P O S IT E  M E C H A N IC A L  D U R A B IL IT Y  T E S T IN G  
S p e c im e n  M a n u f a c t u r e
Specim ens w ere prepared using the vacuum  assisted resin infusion technique (Section
3.2.1.2) w ith  a 6mm P T F E  gasket, these 6mm sheets w ere then cut into 1 2 x 1 25m m  
specim ens. N anocom posites w ere produced using standard lo w  shear processing 
described in Section 3 .2 .1. Specim ens w ere cured using the standard curing cycles for the 
appropriate resin system  (Section 3.1.4).
E x p e r im e n t a l  P r o c e d u r e
Specim ens w ere p laced in individual test tubes so that all surfaces w ere constantly 
exposed. These w ere filled  w ith  distilled water, sealed w ith  rubber bungs and placed in a 
test tube rack in an oven at 50°C. T h ese specim ens rem ained in this environm ent for 350 
days before testing. F lexural testing w as based on A S T M  D790-98 and conducted as 
described in Section 5.3.2.4.
8.3.2.2. P O L Y M E R -N A N O C O M P O S IT E  T H E R M A L  D U R A B IL IT Y  T E S T IN G  
S p e c im e n  M a n u f a c t u r e
Specim ens w ere prepared using the vacuum  assisted resin infusion m ethod (Section
3.2 .1.2) w ith a 1 .5mm thick P T F E  gasket. Specim ens w ere prepared b y  the standard high-
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shear processing m ethod (Section 3.2 .2 .1) and cured using the standard curing cycles  
(Section 3.1.4). Specim ens 5 0 x 10mm2 w ere then cut from  these sheets for testing.
E x p e r i m e n t a l Pr o c e d u r e
Specim ens w ere conditioned in distilled w ater at 50°C  for 30 days, sufficient tim e to 
reach equilibrium , b efore testing. Specim ens w ere tested using a T A  instrum ents Q800 
D M A  using a 3 point bending clam p arrangement. Specim ens w ere ram ped at 10°C/m in 
from  30°C to a tem perature around T g+ 50°C  for each different m aterial at 10Hz.
8.3.2.3. Fibre"Nanocgmposite Mechanical Durability Testing 
Sp e c im e n  M a n u f a c t u r e
Specim ens o f  25x200m m  w ere cut from  sheets o f  fibre-nanocom posite produced b y  the 
m ethod described in Section  3.3.2.3 to produce void  free constant thickness lam inates. 
G lass fibre specim ens contained 8 (P olyp ox and Ethacure) or 6 (Exchem ) layers o f  
unidirectional E -glass aligned in the sam e direction. N anocom posite specim ens w ere 
m anufactured b y  the h igh shear process described in Section 3 .2 .2 .1. A ll  specim ens w ere 
cured using the appropriate curing cy c le  for the resin being used.
E x p e r im e n t a l  P r o c e d u r e
Specim ens w ere conditioned in distilled w ater at 50°C  for 42 and 140 days prior to 
testing. Ten sile  tests w ere conducted w ith  alum inium  tabs adh esively  bonded to the ends 
o f  specim ens using an Instron 11 7 5  w ith  5500R controller at 2mm/min.
8.3.3. R e sults o f  P o l y m e r -Na n o c o m p o s i t e  M e c h a n i c a l  D u rability
8.3.3.I. Po l y p o x  N a n o c o m p o s i t e M e c h a n i c a l D urability
Stress-deflection curves o f  saturated I.30E P o lyp o x  specim ens are show n in Figure 8.1 
and num erical values in T ab le  8.1. Saturated unfilled  P olyp ox specim ens on ly  displayed 
slight variation from  unconditioned specim ens, there w as a slight decrease in m odulus 
and an increase in ultim ate stress.
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Saturated
Specimens
Ultimate Stress 
(Nmm'2)
Flexural
Modulus
(Nmm'2)
Relative Stress1
Relative
modulus1
0% Polypox 
5%  I.30E Polypox 
10% I.30E Polypox
95.2 (1.7) 
84.4 (8.3) 
64.9 (2.7)
2516(19) 
2720 (42) 
2851 (51)
1.000 [1.043] 
0.887 [0.903] 
0.682 [0.660]
1.000 [0.967] 
1.081 [0.941] 
1.133 [0.888]
5% Nanofil 15 
5% Nanofil SE 
5%  UM C
68.9 (5.4) 
72.7 (5.4) 
64.4(1.1)
2650 (14) 
2560 (60) 
2165 (43)
0.724 
0.764 
0.676 [0.691]
1.053 
1.017 
0.860 [0.771]
Table 8.1. Flexural properties and standard deviations o f  low shear processed saturated Polypox 
nanocomposites containing various organoclays. 1 relative values compared to 0% saturated 
Polypox specimens and 0% pristine Polypox specimens in square parentheses.
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This is a surprising result as the plasticisation caused by absorbing 2 .5 %  o f  w ater w ould 
be expected to result in reductions in both m odulus and ultimate stress. A s  the water 
interferes with the chem ical bonds in the cross-linked m atrix the polym er chains w ill 
becom e less restrained and thus suffer a reduced m odulus, this effect appears to have 
occurred but only to a sm all degree. H ow ever, the ultim ate stress did not reduce but 
increased b y  4.3% . I f  unconditioned specim ens had not developed full plastic behaviour 
before failure it m ay have been feasib le that the decreased m odulus and plasticisation in 
conditioned specim ens could have form ed a material with higher fracture resistance and 
less sensitivity to stress concentrations and allow ed full p lasticity to develop. H ow ever, 
full plasticity did develop so this effect cannot be responsible. These m aterials w ere cured 
for 3 hours at 75 °C  fo llow ed b y  postcure o f  3 hours at 125°C . This curing schedule w as 
recom m ended b y  the m anufacturer and has been used in m any other reported cases (Lin 
et al. 2006; B m ardic et al. 2006).
Figure 8.1. Flexural stress-deflection o f saturated I.30E Polypox 
nanocomposites processed by low shear.
It is u nlikely  that m aintaining the polym er at on ly  50°C, although for an extended period 
o f  time, w ould generate additional cross-linking that w ould strengthen the material. 
H ow ever, it has been suggested that increased polym er chain m obility due to 
plasticisation or water reacting d irectly  with unreacted ep oxy rings can generate further 
cross-linking o f  ep oxy netw orks (M cM aster &  Soane 1989). O ne o f  these m echanism s 
could be responsible for the increased ultim ate strength o f  the m aterial. A lthough, it w as 
also seen during isotherm al D S C  testing (Section 4.7) that the P olyp ox material w as fu lly  
cured after less tim e than w as allow ed during the standard curing schedule.
Conditioning did not result in a reduction in ultimate strain and the unfilled P olypox 
specim ens did not suffer any brittle failures, fu lly  plastic behaviour w as observed in all 
cases. This w as not replicated w hen nanocom posite specim ens w ere tested; these 
specim ens resulted in decreased ultim ate stress as a result o f  premature brittle failure. 
A lthough 5 and 10w t%  nanocom posite specim ens only absorbed an additional 0.06 and
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0.25%  than the unfilled specim ens respectively, full p lasticity w as not developed like the 
corresponding unconditioned and unfilled saturated specim ens. A lthough sim ilar 
decreases in m odulus w ere observed for unfilled and I.30E specim ens, the difference in 
ultim ate stress w as significant. This suggests that the organoclay is having the sam e 
reinforcing effect w hen the polym er has becom e plasticised and does not generate 
increased reinforcem ent as seen in under-cured elastom eric specim ens (Section 5.4.10). 
H ow ever, it generates an increasingly  sensitive material that is susceptible to brittle 
failure, unlike unconditioned specim ens. The interaction and accum ulation o f  w ater 
around the organoclay m ay generate im perfections that induce stress concentrations and 
result in premature failure.
Figure 8.2. Flexural stress-deflection o f saturated Polypox nanocomposites 
with various organoclays processed by low shear.
Stress-deflection curves o f  saturated intercalated and U M C  P olypox specim ens are shown 
in Figure 8.2 and num erical values in T able 8.1. Intercalated specim ens show  greater 
decreases in m odulus and ultim ate stress than I.30E specim ens at the sam e organoclay 
loading. This is probably due to the saturated w ater content o f  N anofil 32 and N anofil SE  
specim ens being 0.6 and 0.38%  m ore than unfilled specim ens further influencing the 
properties v ia  the sam e m echanism  but to a greater extent than I.30E specim ens. The 
properties o f  intercalated specim ens w ould be further influenced b y  their inferior 
m orphology. Saturated U M C  specim ens show ed the greatest change in properties 
although the m aterial still displayed the sam e plasticity as the unfilled specim ens. U M C  
specim ens absorbed 2 .7 5 %  (1.95 tim es) m ore w ater than unfilled specim ens that results in 
sign ificantly  reduced properties. This quantity o f  water has lead to m ore severe 
plasticisation that reduces stiffness but the small c lay  particles w ith no chem ical 
interaction and bonding w ith the m atrix does not induce any premature failures.
8.3.3.2. E t h a c u r e  N a n o c o m p o s i t e M ech an i ca l D urability
Stress-deflection curves o f  saturated Ethacure specim ens are shown in Figure 8.3 and 
num erical values in T able 8.2. Saturated unfilled Ethacure specim ens failed to develop
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any plastic behaviour and suffered premature brittle failure at a sign ificantly  reduced 
strain, and subsequent load. U nlike the low er m odulus P olypox system  the disruption to 
the polym er netw ork b y  water m olecules results in this h igh ly  g lassy  m atrix becom ing 
susceptible to brittle failure. This m atrix is m ore sensitive to any changes and 
im perfections due to its dense and rigid cross-linking. Therefore, any changes arising 
from im perfections, additives or voids generate flaw s that cannot be bridged. This m atrix 
does not have the freedom  to realign and adapt to altering stress patterns as in less densely 
cross-linked m aterials thus generating stress concentrations that result in premature 
failure. The reduced ultim ate stress is accom panied b y  a decrease in stiffness slightly  
greater than in the P olypox system  indicating that additional cross-linking is not 
occurring, as in the P olyp ox system , and that water m olecules are having a slight 
plasticisation effect on the m atrix.
Saturated
Specimens
Ultimate Stress 
(Nmm'2)
Flexural Modulus 
(Nmm'2)
Relative Stress'
Relative
modulus'
0% Ethacure 
5%  Ethacure 
10% Ethacure
64.7 (3.8)
39.0 (2.7)
36.0 (3.5)
2730 (88) 
3090 (60) 
3310(70)
1.000 [0.548] 
0.602 [0.406] 
0.556 [0.439]
1.000 [0.899] 
1.130 [1.016] 
1.211 [1.088]
Table 8.2. Flexural properties and standard deviations o f low shear processed saturated I.30E 
Ethacure nanocomposites. 1 relative values compared to 0% saturated Ethacure specimens and 0% 
pristine Ethacure specimens in square parentheses
The I.30E nanocom posites also d isplay large reductions in ultim ate stress but around 10- 
15 %  greater than the unfilled specim ens, indicating a greater sensitivity to brittle failure 
due to the presence o f  organoclay. H ow ever, the nanocom posite specim ens appear to 
retain a greater proportion o f  their flexural m odulus than the unfilled specim ens as 
predicted. This increase in only slight and w ould not be o f  any significant advantage 
esp ecially  given that the ultim ate stress is further reduced.
Figure 8.3. Flexural stress-deflection o f saturated I.30E Ethacure 
nanocomposites processed by low shear.
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8.3.3.3. Ex c h e m  N a n o c o m p o s i t e M e c h a n i c a l D urability
Stress-deflection curves o f  saturated Exchem  specim ens are shown in Figure 8.4 and 
num erical values in Table 8.3. The flexural m odulus o f  Exchem  specim ens is reduced 
considerably after environm ental conditioning unlike those o f  P olyp ox and Ethacure 
specim ens. H ow ever, the nanocom posite specim ens do not retain m ore o f  their original 
stiffness and deteriorate so that there is little difference betw een nanocom posite and 
unfilled specim ens. The unfilled specim ens still show  fu lly  p lastic behaviour at failure 
w h ile  the nanocom posite specim ens undergo brittle failure at low er stress than when 
unconditioned.
Saturated
Specimens
Ultimate Stress 
(Nmm'2)
Flexural Modulus 
(Nmm'2)
Relative Stress1
Relative
modulus1
0% Exchem 
5% Exchem 
10% Exchem
70.2 (2.2)
51.6 (0.9)
43.6 (7.9)
2120 (24) 
2080 (62) 
2200 (32)
1.000 [0.628] 
0.736 [0.606] 
0.622 [0.944]
1.000 [0.671] 
0.981 [0.626] 
1.040 [0.653]
Table 8.3. Flexural properties and standard deviations o f  low shear processed saturated I.30E 
Exchem nanocomposites. 1 relative values compared to 0% saturated Exchem specimens and 0% 
pristine Exchem specimens in square parentheses.
Figure 8.4. Flexural stress-deflection o f saturated I.30E Exchem 
nanocomposites processed by low shear.
8.3.3.4. D E H  24 N A N O CO M PO SITE  M E C H A N IC A L  D U R A B ILITY
Stress-deflection curves o f  saturated DEH  specim ens are shown in Figure 8.5 and 
num erical values in T able 8.4. U nfilled  D EH  specim ens behave in a sim ilar w ay  to 
Exchem , significantly  decreased stiffness but retaining fu lly  plastic behaviour at failure. 
Increasing organoclay content resulted in increasing reductions in m odulus so that 
nanocom posite and unfilled specim ens d isplay sim ilar values. The reduction in ultim ate 
stress com pared to unconditioned specim ens o f  the same type w as sim ilar across all 
specim ens; how ever, nanocom posite specim ens still registered sign ificantly  reduced 
ultim ate stress due to brittle failure that w as also observed in unconditioned specim ens.
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Figure 8.5. Flexural stress-deflection o f  saturated I.30E DEH 
nanocomposites processed by low shear.
Saturated
Specimens
Ultimate Stress 
(Nmm'2)
Flexural Modulus 
(Nmm'2)
Relative Stress1
Relative
modulus1
0% DEH 
5%  DEH 
10% DEH
94.9 (1.1)
62.2 (9.4)
53.3 (3.6)
2562(17) 
2647 (48) 
2554 (26)
1.000 [0.765] 
0.656 [0.825] 
0.562 [0.818]
1.000 [0.751] 
1.033 [0.712] 
0.997 [0.663]
Table 8.4. Flexural properties and standard deviations o f  low shear processed saturated I.30E 
DEH nanocomposites. 1 relative values compared to 0% saturated DEH specimens and 0% 
pristine DEH specimens in square parentheses.
8.3.3.5. D iscussion a n d  C onclusions o f Po l y m e r -Na n o c o m p o s i t e 
M e ch an i ca l D urability
The four different polym er system s behave in three different w ays w hen saturated in 
distilled water. P olypox undergoes a slight reduction in m odulus but an increase in 
ultim ate stress, Ethacure undergoes a slight decrease in m odulus and a significant 
decrease in ultimate stress due to premature brittle failure, w h ile  Exchem  and DEH  
specim ens undergo significant decrease in both m odulus and ultim ate stress. The different 
curing agents have in each case resulted in a slightly  different behaviour.
P olypox, after conditioning, displays the sam e m odulus as DEH  and greater than Exchem  
when the unsaturated m aterial w as sign ificantly  less stiff. It has also not undergone a 
reduction in ultim ate stress and after saturation displays greater strength than Ethacure 
and Exchem  and sim ilar to D EH , w hen before saturation it w as sign ificantly  weaker. 
H ow ever, in m ost cases nanocom posite specim ens suffered greater decreases in ultim ate 
strength than the equivalent unfilled specim en. O nly in one resin system , Ethacure, did 
nanocom posite specim ens retain m ore o f  their m odulus than the equivalent unfilled 
specim en, in all other system s the decreases w ere o f  sim ilar levels.
The ability o f  Ethacure nanocom posite specim ens to retain m ore o f  their m odulus than 
other nanocom posite specim ens m ight be explained b y  the decreased polym er m obility  as 
m easured b y  thermal and dielectric testing (Section 9.5). H ow ever, the superior stiffness
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properties o f  Ethacure nanocom posites did not prevent significant reductions in ultim ate 
strength. Therefore, organoclay does not, in general, appear to m ech an ically  reinforce 
m atrix polym ers w hen saturated in distilled w ater and results in a decreased ultim ate 
stress. H ow ever, specim ens w hich  display increased properties associated w ith im proved 
polym er netw orks m ay result, in a sligh tly  greater retention o f  stiffness.
The additional w ater that is absorbed into nanocom posite specim ens occurs due to tw o 
m ain reasons. Firstly, changes to the polym er netw ork increasing m icro-voids and 
generating m ore free w ater either in the m obile  polym er region or in any m icro-voids 
generated around the platelet due to m atrix-organoclay incom patibility. Secondly, 
increased bound w ater d irectly  interacting w ith the platelet surface. It has been observed 
(Section 9.5) that Ethacure nanocom posites display increased glass transition 
temperatures and decreased dielectric properties that w ould indicate reduced free volum e 
or increased constraint; therefore, increased w ater uptake in this case is lik e ly  due to 
w ater interacting w ith c la y  platelets as the other changes should not result in additional 
w ater in the polym er netw ork. W hereas, specim ens that display reduced glass transition 
temperatures, and m ight be expected to h ave increased free vo lum e or less constrained 
polym er, m ight develop additional w ater in the polym er netw ork and show  greater 
increases in w ater uptake. Som e o f  the additional w ater that is absorbed in nanocom posite 
specim ens bonded to the c la y  platelets or polym er voids m ight generate stress 
concentrations in these regions that result in premature failure.
H ow ever, specim ens tested in this series o f  experim ents w ere processed b y  lo w  shear 
techniques; subsequently, the o rgan o clay  dispersion w as sign ificantly  inferior to that 
achieved b y  m ethods used in later experim ents. H igh shear processed specim ens should 
h ave resulted in increased m odulus and ultim ate stress to a sim ilar degree as those o f  
unconditioned specim ens. N anocom posites m ay have com e closer to developing fu lly  
p lastic behaviour w itnessed in U M C  P o lyp o x  specim ens that h ave a good dispersion, 
although w ith far inferior m odulus due to the h igh w ater uptake caused b y  hydrophilic 
clay. A fter  saturation the large organoclay particles in lo w  shear processed 
nanocom posites increase their susceptibility to brittle failure. This is probably due to the 
high w ater content in these c la y  particles generating larger and m ore frequent voids than 
in unm odified areas o f  polym er resulting in m ore frequent and larger stress concentrations 
causing failure at low er stress.
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8.3.4. R esults o f  P o l y m e r -Na n o c o m p o s i t e  T h e r m a l  D urability
8.3.4.l. Po l y p o x  N a n o c o m p o s i t e T h e r m a l  D urability
Figures 8.6a and b show  storage m odulus and Tan 6 o f  P o lyp o x  specim ens as a function 
o f  temperature from  D M A  tests. A s  expected nanocom posite m odulus is slightly higher in 
both g lassy  and rubbery states, this is predicted to occur due to m echanical reinforcem ent 
alone as P o lyp o x  nanocom posites have not been associated w ith  im provem ents in 
polym er constraint (Section 9.5). It w ould  b e  expected to find greater reinforcem ent > 
above the glass transition due to the relative platelet-m atrix m odulus generating larger 
relative increases in stiffness. H ow ever, this has not been revealed during testing and 
increases are at sim ilar levels  in both states. /
U M C  specim ens show  an alm ost unchanged storage m odulus in the g lassy  state, show ing 
som e agreem ent w ith m echanical tests that show ed only  a sm all increase (Section 
5 .4 .1.4), but reductions w hen in the rubbery state. It is possib le that in this state U M C  
causes a reduction in stiffness that does not occur w hen in the g la ssy  state. W h ile  
organoclay in nanocom posite specim ens reinforces the m atrix, as it can transfer stress to 
the platelets due to som e level o f  adhesion, U M C  appears not o n ly  to be unable to 
reinforce the m atrix, due to incom patible surfaces providing no adhesion, but is also 
detrimental to its stiffness. In the g lassy  state U M C  is able to provide som e sm all leve l o f  
reinforcem ent, not detected during D M A  but b y  m echanical testing, p ossib ly  due to a 
sm all leve l o f  frictional stress transfer at the interface; whereas, this does not occur once 
the polym er chains have increased m o bility  above the glass transition.
F igure 8.6b provides a m uch clearer indication o f  specim en glass transition temperature. 
Pristine P olyp ox specim ens d isplay a greater (97°C ) glass transition than 5 %  I.30E 
nanocom posites (95°C) and 5 %  U M C  specim ens (96.2°C). T h e influence o f  I.30E and 
U M C  has altered the glass transitions in the sam e w a y  to that detected b y  D S C  (Section 
8 .5.1) but to a lesser degree, w ith decreases 2 and 0.8°C respectively  com pared to 4.3 and 
2 .8 °C  during D S C  testing. The absolute values are also quite different w ith  pristine 
P o lyp o x displaying a difference o f  7 .9 °C  betw een testing m ethods. H ow ever, this is to be 
expected due to the different m ethods o f  m easurem ent and w ill occur for all resin types. 
This difference reduces to 4 .4 °C  w hen the centre betw een inflection  points on the storage 
m odulus curve is used to determ ine glass transition tem perature during D M A  testing. 
Theories regarding these decreased glass transition temperatures are discussed in Section
8.5.1 and are thought to result from  increased polym er local segm ental m obility  in the 
nanocom posite and U M C  specim ens.
32S2ESESSS2S2
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Figure 8.6a. Figure 8.6b.
Figure 8.6a and b. D M A o f unconditioned Polypox specimens, (a) storage modulus and (b) Tan 5.
Figures 8.7a and b show  D M A  results o f  conditioned P olypox specim ens and one 
representative unconditioned specim en for com parison. The storage m oduli is slightly 
reduced in all cases, both before and after the glass transition, but this change m ay not be 
significant considering variability  during testing. The sam e relative changes in storage 
m oduli w ere observed as unconditioned specim ens; nanocom posites show  increases when 
in both physical states and U M C  specim ens show ing a reduction w hen in the rubbery 
state. M echanical testing (Section 8.3.3.1) revealed no significant change in P olypox 
specim en m odulus after conditioning and show s reasonable agreem ent w ith these results.
It is d ifficu lt to determ ine an accurate glass transition temperature for the conditioned 
specim ens. Tan 5 curves are not sym m etrical as in unconditioned specim ens and display 
significant skew  w ith a gentle rise and sharper decline due to uneven plasticisation 
changing the viscoelastic  properties over a larger temperature range. I f  the peak is used to 
m easure glass transition tem perature then all specim ens show sim ilar values around 93 °C  
with pristine specim ens show ing a slight increase, i f  the centre o f  m ass is used then a 
slightly  low er value is m easured but w ith all specim ens still show ing sim ilar values. I f  the 
centre betw een inflection points on the storage m odulus curve is used then specim ens 
d isplay sim ilar values around 82°C. H ow ever, this method is less accurate at m easuring 
the glass transition temperature, as can be seen when this m ethod is applied to all 
unconditioned specim ens as no difference is apparent when one is obvious when view in g  
Tan 5.
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Figure 8.7a. Figure 8.7b.
Figure 8.7a and b. D M A o f conditioned Polypox specimens, (a) storage modulus and (b) Tan 8.
N evertheless, all specim ens show  sim ilar values so w hatever m ethod is used organoclay 
does not appear to o ffer any advantage in thermal durability w hen exposed to and 
saturated in water. N either the glass transition temperature nor the storage m odulus 
im proves in relative terms from that m easured in unconditioned specim ens, although 
nanocom posite storage m odulus is increased the sam e relative decrease is observed.
8.3.4.2. E t h a c u r e N a n o c o m p o s i t e T h e r m a l  D urability
Figures 8.8a and b show  storage m odulus and Tan 8 o f  Ethacure specim ens as a function 
o f  temperature from D M A  tests. L ike P o lyp o x specim ens, Ethacure nanocom posites 
display increased storage m odulus w hen in both physical states. H ow ever, relative 
increases com pared to the pristine polym er are seen to be sign ificantly  greater w hen 
above the glass transition (1.5  tim es) than when below  (1.2  tim es) unlike P olypox 
specim ens. A s  discussed above this m ay arise due to the relative m atrix-platelet m odulus 
generating greater property im provem ents w hen m atrix properties are low . H ow ever, 
reductions in polym er local segm ental m obility  that have been seen to enhance m atrix 
properties (Section 9.5) m ay also have a greater relative influence w hen above the g^ass 
transition. A s  these changes have not been detected in P olypox nanocom posites this m ay 
be the reason for, or contribute to, the m easured differences. H ow ever, the changes m ay 
sim ply be due to relative m echanical reinforcem ent and som e experim ental variability.
Ethacure U M C  specim en storage m odulus behaves in a sim ilar w a y  to P olyp ox specim ens 
show ing similar, or a slight reduction in this case, in the g lassy  state and a decrease in the 
rubbery state. The possible reasons for these changes are discussed above in relation to 
U M C  P olypox specim ens.
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Figure 8.8a and b. D M A o f unconditioned Ethacure specimens, (a) storage modulus and (b) Tan 5.
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The glass transition temperatures (Figure 8.8b) display sim ilar types o f  changes as during 
D S C  testing but again show  slightly  different absolute and relative values for the reasons 
discussed previously. U M C  specim ens show  greater increases in glass transition 
temperature (12 .5 °C ) com pared to I.30E nanocom posites (8.7°C ). The increasing glass 
transition temperature o f  U M C  Ethacure specim ens is not fu lly  understood, especially  
w hen com pared to dielectric (Section 9.5.3) and solvent perm eability results (Section 
7B.3.2.2), and cannot be accounted for b y  theories used to explain and characterise the 
behaviour o f  other specim ens, this remains an unknown factor.
Figures 8.9a and b show  D M A  results o f  conditioned Ethacure specim ens and one 
representative unconditioned specim en for com parison. O ne o f  the unfilled conditioned 
specim ens shows som e unusual jum ps in storage m odulus through the initial stages o f  the 
test and a long transition; how ever, the tan 8 curve appears to be normal and can be used 
with confidence. The storage m oduli o f  all pristine conditioned specim ens, before and 
after transition, are alm ost unchanged com pared to unconditioned specim ens; these 
m easurements being taken at low er temperature than the low est shown in Figures 8.9a 
and b b y  w hich temperature som e change can be observed. N anocom posite specim ens 
still show  storage m oduli in both rubbery (1 .16  times) and g lassy  (1 .18  times) states 
above that o f  unconditioned pristine specim ens, the greater increases seen above the glass 
transition in unconditioned specim ens appear to have been reduced significantly. W hen 
com pared to conditioned pristine specim ens this equates to 1 .14  and 1.13  tim es in g lassy  
and rubbery states respectively. Therefore, the storage m oduli in both states, but 
especially  above the glass transition, have been reduced m ore significantly  in 
nanocom posites than the pristine m aterial, w hich showed alm ost no change. H ow ever, the 
variability  o f  these specim ens m eans that storage m odulus data cannot be relied upon 
strongly and no firm conclusions should be drawn.
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Figure 8.9a. Figure 8.9b.
Figure 8.9a and b. D M A o f conditioned Ethacure specimens, (a) storage modulus and (b) Tan 5.
Ethacure I.30E nanocom posite specim ens appear to retain their glass transition 
temperature m ore than pristine polym er specim ens. The relative glass transition 
temperature o f  unconditioned nanocom posites is 1.053 and this increases to 1.120 after 
conditioning. This equates in real terms as an increase from 8.7°C  to 17 .5 °C  above that o f  
the pristine polym er in each case, representing a reasonable increase in the ability o f  
Ethacure nanocom posites to retain their glass transition temperature after saturation in 
water.
T his change does not com e about due to a tortuous path, or any other, m echanism  
reducing perm eability and slow ing dow n the ingress o f  water, nor does it derive from a 
reduction in equilibrium  uptake reducing total water content; as neither o f  these 
m echanism s has been observed in Ethacure nanocom posites manufactured during 
experim entation in this study (Section 7b). It is suspected that changes to the polym er 
network that are responsible for the initial increase in glass transition temperature have 
reduced the effect that w ater m olecules have on the local m obility o f  polym er chains. This 
effect does not appear to influence the storage m odulus or other m echanical properties 
that are influenced m ore b y  polym er properties above that o f  the local level that 
determ ine glass transition temperature.
8.3.4.3. E x c h e m  N a n o c o m p o s i t e T h e r m a l  D urability
Figures 8.10a and b show  storage m odulus and Tan 5 o f  Exchem  specim ens as a function 
o f  temperature from D M A  tests. Exchem  I.30E nanocom posites show  little change in 
storage m odulus in the g lassy  state, in agreem ent with m echanical testing (Section 5.4.5) 
and a reasonable increase, 1.2 tim es the pristine polym er, above the glass transition. A s 
discussed above this m ay arise due to the relative m atrix-platelet m odulus generating 
greater property im provem ents w hen m atrix properties are low.
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These changes also m ake it m ore lik e ly  that increases in Ethacure nanocom posite storage 
m odulus in the rubbery state are also due to m echanical reinforcem ent and do not arise 
from polym er confinem ent as these changes are not seen to occur in Exchem  
nanocom posites (Section 8.5). Therefore, it m ay also be expected that changes in P olypox 
nanocom posites m ay be expected to show  sim ilar, or greater, changes i f  these tests w ere 
repeated.
Figure 8.10a. Figure 8.10b.
Figure 8.10a and b. D M A  o f unconditioned Exchem specimens, (a) storage modulus and (b) Tan 5.
Exchem  I.30E glass transition tem perature (Figure 8.10b) appears to decrease slightly  
com pared to pristine polym er specim ens, also in agreem ent w ith D S C  testing conducted 
(Section 9 .5 .1.1). These changes are thought to arise from sim ilar m echanism s as P olypox 
specim ens and as discussed in Section 9 .5 .1 .1 .
Figures 8 .11a  and b show  D M A  results o f  conditioned Exchem  specim ens and one 
representative unconditioned specim en for com parison. The effect o f  conditioning on 
Exchem  specim ens is far m ore significant than P olypox or Ethacure specim ens and 
changes the shape o f  both storage m odulus and tan 5 curves instead o f  sim ply shifting 
them to a low er temperature. Even at the start o f  the test around 35°C , w ell below  the 
glass transition temperature, the storage m odulus is reduced sign ificantly  to around 0.5 
tim es unconditioned specim ens. This is sim ilar to results seen during m echanical testing 
w here conditioned specim ens displayed a m odulus 0.63 tim es the unconditioned 
specim ens, these values w ould be even closer had the m echanical testing been conducted 
at 35°C  or the D M A  testing started at room  temperature. H ow ever, storage m oduli o f  
Exchem  specim ens are sim ilar to unconditioned specim ens once in the rubbery state.
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Figure 8.1 la. Figure 8.1 lb.
Figure 8.1 la and b. D M A o f conditioned Exchem specimens, (a) storage modulus and (b) Tan 5.
Instead o f  show ing a traditional transition curve conditioned specim ens show  an alm ost 
constant reduction in storage m odulus that reaches a m inim um  value around 70°C. This 
results in a broad tan 8 curve that has no distinct apex and m akes determ ining glass 
transition temperature difficult. I f  storage m odulus is extrapolated to low er temperatures 
it is safe to assum e that it w ill not increase beyond that o f  the unconditioned specim ens. I f  
it is also assumed that conditioned specim ens w ould display sim ilar storage m oduli as 
unconditioned specim ens at lo w  temperature then an estim ate o f  glass transition 
temperature can be achieved. This provides an estimate o f  glass transition temperature o f  
50°C, this temperature also represents a value near the peak o f  the tan 8 curve. This 
equates to around a 29°C  reduction in glass transition temperature for both pristine and 
nanocom posite specim ens w ith no m easurable difference betw een the two. O rganoclay 
has not resulted in any increased retention o f  glass transition temperature or storage 
m odulus after conditioning.
8.3.4.4. D iscussion a n d C onclusions o f Po l y m e r -Na n o c o m p o s i t e 
T h e r m a l  D urability
O rganoclay has been seen to o ffer im provem ents in storage m odulus before and after the 
glass transition depending on the polym er being investigated. Im provem ents w hen in the 
g lassy  state seem to occur w ith exfoliated nanocom posites such as P olypox and Ethacure 
w hile  Exchem  and U M C  specim ens show  little improvem ents. In the rubbery state U M C  
specim ens show a reduced storage m odulus p ossib ly  due to the lack o f  adhesion causing 
the U M C  particles to act as im purities and reduce stiffness. Ethacure and Exchem  
specim ens appear to show  increased storage m odulus in the rubbery state that is 
anticipated to occur due to increased relative m atrix-platelet stiffness, w hile  P olypox have 
not replicated these results and specim en variability is assumed to have m asked som e o f  
the property changes.
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Ethacure nanocom posites have show n an increasing ability to retain their glass transition 
tem perature after conditioning; w hereas, P o lyp o x  and E xchem  nanocom posites have not. 
D ue to the differences seen betw een these m aterials it is suspected that the m echanism  
responsible for the initial increase in Ethacure nanocom posite glass transition temperature 
is lim iting its decrease w hen conditioned. This has been predicted to occur from  
decreased local segm ental m o bility  and could be responsible for these changes.
P olyp ox, Ethacure and E xchem  specim ens show ed reductions in glass transition 
tem perature o f  4, 20 and 2 9 °C  respectively. This show s h o w  sensitive to m oisture 
different polym ers can be, esp ecia lly  considering the sm allest reduction w as not observed 
for the polym er w ith  the highest original properties. It m ight b e expected that Ethacure, 
w ith  a glass transition tem perature o f  16 6 °C , w ould  not be affected as m uch b y  a 
conditioning tem perature o f  50 °C  com pared to another polym er w ith  a glass transition 
tem perature o f  9 7°C . H ow ever this appears to have little influence, as is show n b y  
E xchem  that suffers a m uch larger reduction in glass transition temperature. In relative 
terms the changes to E xchem  are far m ore significant due to the lo w  original glass 
transition temperature w h ile  Ethacure still retains high values.
E xchem  displays a glass transition tem perature close to that w hich  m ight be experience 
b y  a com ponent in direct sunlight or attached to m etal in direct sunlight. H ow ever, 
conditioning a m atrix in w ater at 50 °C  is not representative o f  actual conditions that a 
m atrix w ould  becom e exposed to during service and is used on ly  as a com parison for 
different m aterials. M aintaining the m atrix at this temperature w ould  sign ificantly  change 
the rate at w hich  dam age is accum ulated and w ould  probably reach levels  that w ould  not 
occur i f  conditioning had been conducted at norm al w orking tem peratures. H ow ever, for 
the purpose o f  this com parative study severe conditioning w ould  p o ssib ly  on ly  highlight 
any potential benefits o f  organoclay.
8.3.5. R e sults o f  Fibre-Na n o c o m p o s i t e  M e c h a n i c a l  D urability
8.3.5.I. Pristine C o mp os i te M e c h a n i c a l D urability
U ltim ate tensile strength o f  P olyp ox, Ethacure and E xchem  specim ens before and after 
conditioning are shown in T able 8.5, relative U T S  (ultim ate tensile strength) in Figure 
8 .12a and relevant pristine polym er properties in T able 8.6. P olym er properties in T able 
8.6 relating to the uptake o f  w ater w ere determ ined using pure p olym er specim ens 
(Section 7 b ) and do not represent com posite properties and are for com parison o f  
polym ers only. P olym er diffusion constants h ave been included in the list o f  polym er 
properties even though it can be m isleading because the equilibrium  uptake level has such 
an influence over the calculation. W hen diffusion constant is com pared to the tim e taken
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to reach 1%  uptake the values appear to conflict; therefore, w hen determ ining rate o f  
uptake the tim e taken to reach a sp ecific  level provides a clearer indication o f  the rate o f  
uptake.
Specimen Pristine UTS 42 day UTS 140 day UTS
40 day 
relative UTS
140 day 
relative UTS
Polypox
Ethacure
Exchem
975 (17) 
974 (20) 
949 (23)
728 (45) 
726 (70) 
647 (52)
675 (33) 
681 (67) 
660 (19)
0.746 [99.9] 
0.746 [99.9] 
0.681 [99.7]
0.692 [99.3] 
0.699 [92.8] 
0.695 [28.3]
Table 8.5. Average UTS, standard deviation (round parentheses), relative U TS and probability 
(%) o f  statistical significance compared to previous tests (square parentheses) o f pristine 
composite specimens before conditioning and after 42 and 140 days conditioning.
U T S  o f  P olyp ox and Ethacure specim ens are alm ost identical before  conditioning due to 
the sam e type and num ber glass lam inates and specim en geom etry resulting in the sam e 
fibre volum e fraction, the U T S  o f  E xchem  is slightly  low er due to differences in these 
factors. P o lyp o x and Ethacure specim ens d isp lay  sim ilar U T S  after both 42 and 140 days 
conditioning. This is surprising as the type o f  m atrix used has not had a great influence on 
the rate o f  fibre and fibre inteiphase degradation. Ethacure specim ens show  only  a 
slightly, and not statistically significant, h igher U T S  than P olyp ox specim ens even though 
the Ethacure polym er displays superior properties (Table 8.6).
Polymer
Glass transition 
temperature1 (°C)
Rate o f diffusion2 
(xlO'6 mm2 s'1)
Time to 1%  
uptake2 (h)
Equilibrium 
uptake2 (%)
Polypox 89.1 1.08 190 2.94
Ethacure 144.3 1.70 225 2.11
Exchem 79.5 1.15 85 4.11
Table 8.6 Average properties o f  pristine polym ers,1 measured by D SC (Section 8.5.1), 2
measured by gravimetric testing (Section 7b).
The higher glass transition tem perature indicates a polym er w ith a superior cross-linked 
netw ork that should be influenced less b y  the increase in tem perature during testing. The 
slow er rate o f  w ater uptake should result in slow er ingress o f  m oisture into the com posite; 
how ever, it is lik e ly  that specim ens reached equilibrium  before 42 days and, therefore, the 
rate o f  uptake is less important the longer conditioning continues. T h e low er equilibrium  
uptake level o f  Ethacure w ill also result in less m oisture being present in the lam inate 
than those o f  Polypox. H ow ever, none o f  these factors that w ere recoded for pure polym er 
specim ens seem s to have affected the rate o f  deterioration in com posites. A s  none o f  these 
factors leads to a statistically significant e ffect it m ay b e that the difference in polym er 
sorption properties are too sm all to register a change in the com posite, or it m ay be that 
the degradation o f  the fibre and interphase occurs at lo w  levels o f  m oisture that occur
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relatively  quickly, or that m oisture sorption through the lam inate is m ore influenced b y  
diffusion along the fibre itse lf  altering the m echanism  o f  uptake.
l.Ot
0.8
£  0.6
0.4
Polypox
Ethacure
Exchem
1.0
¥2 0-8 H
£  0.6
0.4
Polypox
Ethacure
0 50 100 150 ~ "0  1 2 3
Conditioning time (days) Log conditioning time (days)
Figure 8.12a. Figure 8.12b.
Figure 8.12a and b. Relative UTS o f pristine composites after different conditioning 
durations (a) linear scale and (b) logarithmic scale.
E xchem  specim ens appear to suffer a greater degree o f  deterioration; this m ay be due to
the low er glass transition temperature, higher rate o f  uptake or equilibrium  uptake.
H ow ever, none o f  these factors w as seen to m ake any difference betw een Ethacure and
Polypox specim ens, although som e o f  the factors show greater disparity and could cause
som e o f  the changes. D ifferin g  sam ple thickness could have caused the decreased
properties, 1 .6mm instead o f  2mm, as it w ould take less time for m oisture to reach the
centre o f  the specim ens; how ever, reduced perm eability o f  Ethacure did not appear to
increase its durability. It is p ossib ly  that the com bined effect o f  reduced thickness,
increased rate o f  sorption and increased equilibrium  uptake is responsible for the
decreased durability. H ow ever, it is also possible that additives placed in the form ulated
Exchem  system , designed to increase application and in-service properties could have
altered durability.
It is apparent from Figure 8.12a that the deterioration o f  glass fibre com posites in w ater is 
not proportional to conditioning time. Ethacure and P olypox specim en U T S  decreased 
2 5 %  over the first 42 days but only a further 5 %  after an additional 98 days. Exchem  
specim ens show an even greater non-linearity as they appear to reach a m axim um  
reduction som ew here before 42 days and suffer no further degradation. H ow ever, due to 
the variability o f  these specim ens it is possible that a slight reduction did occur but w as 
not observed during testing. T hese specim ens indicate that the reduction in U T S  is 
in itially  rapid and slow s as tim e progresses, Figure 8.12b show s a plot o f  relative U T S  
against log  time that show s reasonable linearity. H ow ever, due to the lo w  number o f  
testing points this relationship is not reliable and no firm conclusions can be drawn. 
A lthough it can be said that decreased U T S  in P olypox and Ethacure specim ens betw een
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42 and 140 days is statistically significant, w ith  a probability o f  99.3 and 92.8%  
respectively  that these changes are not due to random  error.
T his type o f  accelerated testing is useful for com paring the effectiveness o f  m aterials or 
m anufacturing techniques. H ow ever, it is not kn ow  h ow  conditioning com posites in this 
w a y  w ould  com pare to actual exposure conditions and h ow  m any years o f  norm al 
exposure this type o f  test w ould  represent. T esting at elevated tem perature and subm erged 
in w ater w ould  not b e  encountered b y  real life  com ponents and this degree o f  
deterioration m ay never occur. H ow ever, som e com ponents in harsh conditions, 
subm erged or able to co llect surface w ater m ay experience these leve ls  o f  deterioration 
after a sufficient time. This is reflected in environm ental factors used w hen designing a 
com posite com ponent that account for reduced strength.
8.3.5.2. P O L Y P O X  F lB R E -N A N O C O M P O SIT E  M E C H A N IC A L  D U R A B IL IT Y
U T S  o f  P o lyp o x specim ens are show n in T ab le  8.7 and Figure 8.13a. A ll  specim ens show  
sim ilar relative reductions in U T S , therefore, organoclay is not im proving durability. The 
increased degradation m ay b e  due to the higher equilibrium  w ater uptake o f  3 .0 1%  for 5 %  
I.30E nanocom posites com pared to 2 .9 5%  for pristine specim ens. T hese are o n ly  sm all 
increases but m ay  h ave increased the rate o f  fibre degradation, reduced the properties o f  
the m atrix or generated m ore stress concentrations. It w as suggested that the m ajority o f  
additional water absorbed in nanocom posite specim ens is located in the m obile  interphase 
surrounding c la y  platelets or d irectly  bonded w ith the platelet surface. This w ould 
increase the likelihood o f  m atrix cracks being form ed in these regions or could interfere 
w ith  stress transfer betw een fibres after a fibre break.
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Specimen Pristine UTS 42 day UTS 140 day UTS
40 day 
relative UTS
140 day 
relative U TS
Polypox 
2%  I.30E 
5% I.30E 
5%  UM C
975 (17) 
935 (33) 
913 (36) 
974 (20)
728 (45) 
672 (22) 
671 (23) 
449 (5)
675 (33) 
633 (40) 
612(45) 
453 (21)
0.746 [99.9] 
0.706 [99.9] 
0.735 [99.9] 
0.461 [99.9]
0.692 [99.3] 
0.677 [89.3] 
0.670 [96.2] 
0.465 [12.8]
Table 8.7. Average UTS, standard deviation (round parentheses), relative UTS and probability 
(%) o f  statistical significance compared to previous tests (square parentheses) o f Polypox fibre- 
nanocomposites before conditioning and after 42 and 140 days conditioning.
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Figure 8.13a and b. Relative U TS o f  Polypox specimens after different conditioning 
durations, (a ) linear scale and (b ) logarithmic scale.
N anocom posite specim ens d isplay the sam e non-linearity that w as displayed b y  
com posite specim ens indicating a rapid initial degradation that slow s with increasing 
time. This behaviour can be w ell characterised b y  a log-tim e plot as shown in Figure 
8.13b. H ow ever, as w ith com posite specim ens the lim ited number o f  tim e intervals tested 
m eans this relationship cannot be relied upon, although the reductions betw een 42 and 
140 days are statistically significant.
U M C  specim ens show  a m uch larger decrease in U T S  to around 4 5 %  that o f  pristine 
U M C  specim ens. Specim en U T S  does not vary after testing at 42 days and indicates an 
apparent m axim um  degradation level w as reached som ewhere before 42 days, this feature 
w as also displayed b y  E xchem  specim ens. The change in U T S  betw een 42 and 140 days 
is statistically insignificant, as w ould be expected for an increase in strength, and 
indicates that any change is lik e ly  due to random error. It is possible that specim en 
variability  is obscuring a slight reduction in strength; how ever, i f  the initial log-tim e line 
o f  U M C  specim ens is extrapolated from 42 days to 140 days then U T S  o f  around 0.285 
w ould be expected. Specim en variability  cannot entirely account for the difference 
betw een 0.465 and 0.285 in relative U T S , especially  given the low  standard deviation for 
U M C  specim ens. This suggests that a m axim um  degradation level does exist or the rate o f  
degradation reduces sign ificantly  perhaps as a result o f  one or m ore degradation 
m echanism s reaching equilibrium .
U M C  P olypox specim ens have relative U T S  below  that o f  pristine specim ens; this 
significant and rapid deterioration m ay have occurred due to the high equilibrium  uptake 
(5.6% ) o f  this polym er w hen containing U M C . H owever, equilibrium  uptake has not been 
directly linked to reductions in U T S  w hen com paring P olypox and Ethacure specim ens 
and other m echanism s m ay be contributing to these reductions.
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Figure 8.14. Average ultimate tensile stress o f Polypox, Ethacure and Exchem specimens after (■)
0 days, (■) 42 days and (■) 140 days in distilled water at 50°C.
8.3.5.3. E t h a c u r e  F i b r e -N a n o c o m p o s i t e  M e c h a n i c a l  D u r a b i l i t y
A vera ge  U T S  o f  Ethacure specim ens are shown in Table 8.8 and Figure 8.15a. There is a 
slight increase in nanocom posite specim en relative U T S  after 42 days conditioning 
esp ecially  at 2 %  I.30E; how ever, all specim ens show  a sim ilar U T S  after 140 days 
indicating that differences at 42 days are probably due to specim en variability. The sam e 
non-linear behaviour is w itnessed that can be described b y  a log-tim e relationship (Figure 
8.15b) indicating that degradation rate slow s as conditioning tim e increases. Reductions 
in U T S  betw een 42 and 140 days are statistically significant for pristine and 2 %  I.30E 
specim ens and those o f  5 %  I.30E show  a sm aller decrease that results in a low er level o f  
confidence.
Specimen Pristine UTS 42 day UTS 140 day UTS
40 day 
relative UTS
140 day 
relative UTS
Ethacure 
2% I.30E 
5%  I.30E
974 (20) 
916(45) 
870 (49)
726 (70) 
737 (64) 
661 (78)
681 (67) 
646 (57) 
618 (61)
0.746 [99.9] 
0.805 [99.8] 
0.760 [99.0]
0.699 [92.8] 
0.705 [99.7] 
0.710 [68.4]
Table 8.8. Average UTS, standard deviation (round parentheses), relative UTS and probability 
(%) o f statistical significance compared to previous tests (square parentheses) o f Ethacure fibre- 
nanocomposites before conditioning and after 42 and 140 days conditioning.
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Figure 8.15a and b. Relative UTS o f  Ethacure specimens after different conditioning 
durations, (a) linear scale and (b) logarithmic scale.
8.3.5.4. E x c h e m  F i b r e -N a n o c o m p o s i t e  M e c h a n i c a l  D u r a b i l i t y
A vera ge  U T S  o f  Exchem  specim ens is shown in Figure 8.16a and T able 8.9. Exchem  
nanocom posites do not appear to provide any increased durability com pared to the 
pristine com posite. Furthermore, pristine and I.30E nanocom posite specim ens appear to 
reach a m axim um  degradation before 42 days and suffer no further reduction in U T S  after 
140 days. The changes in these specim ens are lik e ly  due to random error as indicated b y  
their low  probability o f  significance. Therefore, the log-tim e plot (Figure 8.16b) w hich 
described both P olypox and Ethacure specim ens does not fit w ith Exchem  specim ens as 
testing w as not conducted before the apparent m axim um  reduction w as reached.
Specimen Pristine UTS 42 day UTS 140 day UTS
40 day 
relative UTS
140 day 
relative UTS
Exchem 
2% I.30E 
5%  I.30E 
5%  UM C
949 (23) 
892 (46) 
859 (51) 
932 (17)
647 (52) 
631 (28) 
584 (53) 
579(15)
660(19) 
629(15) 
582 (54) 
560 (8)
0.681 [99.7] 
0.707 [99.4] 
0.679 [98.9] 
0.621 [99.9]
0.695 [28.3] 
0.705 [9.5] 
0.678 [5.9] 
0.601 [86.4]
Table 8.9. Average UTS, standard deviation (round parentheses), relative UTS and probability 
(%) o f statistical significance compared to previous tests (square parentheses) o f Exchem fibre- 
nanocomposites before conditioning and after 42 and 140 days conditioning.
U M C  specim ens show  a greater reduction in U T S  than other Exchem  specim ens that 
continues to increase slightly  after 42 days. This m ay be due to specim en variability as 
the change is on ly  slightly greater than the increase in U T S  recorded for pristine Exchem  
specim ens, but w ith a probability o f  sign ificance o f  68%  m ay w ell be due to a true change 
in properties. U M C  Exchem  specim ens show  a U T S  closer to that o f  pristine Exchem  
specim ens than do P olypox U M C  specim ens to pristine P olypox specim ens; the change in 
perm eability w hen U M C  is added is less significant than in the P olyp ox system .
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Figure 8.16a and b. Relative UTS o f Exchem specimens after different conditioning 
durations (a) linear scale and (b) logarithmic scale.
8.3.5.5. D i s c u s s i o n  a n d  C o n c l u s i o n s  o f  F i b r e -N a n o c o m p o s i t e  
D u r a b i l i t y
U T S  o f  pristine Ethacure and P olyp ox specim ens are alm ost identical even though the 
pure polym ers exhibited different sorption characteristics. It m ay be that differences in 
polym er sorption properties are not sufficient to develop a recordable deviation in U T S  so 
the inherent variability o f  com posites is m asking any actual changes. The greater 
reductions in U M C  specim ens could then be attributed to increased rate and equilibrium  
uptake o f  the polym er.
H ow ever, nanocom posite specim ens m anufactured from all polym ers, that absorb m ore 
water than the pristine polym er, have not been shown to undergo greater reductions in 
relative U T S  than pristine specim ens. This again w ould indicate that the changes in 
polym er sorption properties are too sm all to register a significant change noticeable above 
inherent com posite variability. Therefore, either increased sorption in nanocom posites is 
not sufficient to alter U T S  and on ly  those o f  U M C , w hich absorb m ore water, are 
changed; or alternative m echanism s and factors are changing the U T S  o f  nanocom posite 
and U M C  specim ens in different w ays.
It is possible that the w ay  in w hich additional w ater is held within a specim en controls 
whether increased deterioration w ill occur. N anocom posite and U M C  specim ens m ay 
contain differing proportions o f  free and bound water, w hich in nanocom posites prevents 
such severe degradation. H ow ever, it is also possible that the sorption properties 
m easured in the pure polym er are not entirely relevant in a fibre-com posite due to 
changes in uptake m echanism s. Sorption m ay becom e m ore dependent upon the 
properties o f  the fibre and interphase m ore than the bulk polym er, especially  as the 
volum e fraction increases, and provide different w ays for w ater to penetrate the 
com posite.
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W hatever m echanism s are responsible for changes in U T S , nanocom posite specim ens did 
not result in increased durability in any o f  the specim ens tested. B inding o f  w ater 
m olecules to the platelet and increased volum es o f  constrained or m obile interphase did 
not result in any increased strength retention.
It is interesting to consider the possib le  effect o f  nanocom posite U T S  i f  during pure 
polym er testing a reasonable reduction in rate and equilibrium  uptake had been achieved. 
O f  all the polym ers tested pristine Ethacure displayed the best properties show ing a tim e 
to 1%  uptake o f  225 hours and equilibrium  uptake o f  2 .1% . T h e 1.3OE nanocom posite 
w ith  the poorest properties w as 5 %  I.30E P o lyp o x  that had a tim e to 1%  uptake o f  190 
hours and equilibrium  uptake o f  3.0% . H ow ever this increase in alm ost 1%  equilibrium  
sorption and increased rate o f  uptake resulted in on ly  a 1.1 and 2 .9 %  reduction in relative 
U T S  at 42 and 140 days respectively. This exam ple illustrates that a reduction in 
equilibrium  content o f  alm ost 1%  is insufficient to result in any con clu sive change to the 
U T S  o f  conditioned com posites. Therefore, a nanocom posite m atrix achieving sim ilar 
types o f  reductions in pure p olym er specim ens m ay not actually  result in increasing 
durability w hen applied in a com posite com ponent. H ow ever, this is an extrem e test and 
under m ore realistic conditions any reduced perm eability achieved m ay b e able to 
increase the tim e taken for ingressing agents to reach the fibre; how ever, given  sufficient 
tim e this w ill still occur.
A n  apparent m axim um  degradation leve l w as observed in U M C  P o lyp o x  and all E xchem  
specim ens. Both P o lyp o x  and Ethacure specim ens w ere approaching sim ilar U T S  values 
as the apparent m axim um  displayed b y  E xchem ; how ever, a different m axim um  reduction 
leve l w as observed in U M C  P o lyp o x  and E xchem  specim ens so the value m ay be 
different for all specim en types. T h e apparent m axim um  degradation level m ay be 
different in P o lyp o x and Ethacure specim ens or the U T S  m ay continue to decrease and 
not show  this phenom enon. It is also p ossib le that specim en variability  has developed this 
apparent m axim um  and U T S  w as actually decreasing; how ever, the rate o f  degradation 
m ust have slow ed sign ificantly  from  that shown during the initial period. I f  the apparent 
m axim um  has occurred due to specim en variability  it is surprising that som e specim ens 
show ed an increase in strength after 140 com pared to 40 days and that not one E xchem  
specim en, other than U M C  specim ens, displayed a continued rate o f  degradation even 
approaching that in a log-tim e plot. This feature m ay have occurred due to conditioning in 
w ater and i f  a high alkaline environm ent had been used continued degradation m ay h ave 
been seen.
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Chapter 9: Influence o f Organoclay on Polymer Chain Mobility
C h a p t e r  9 :  
I n f l u e n c e  o f  O r g a n o c l a y  o n  P o l y m e r  
C h a i n  M o b i l i t y
9.1 I n t r o d u c t i o n
N anocom posites have been seen to alter m atrix polym ers through a num ber o f  different 
m echanism s changing a range o f  m aterial properties. A ll  o f  these changes derive from 
tw o different m echanism s that occur in nanocom posites. Firstly, the presence o f  high- 
m odulus high-aspect ratio filler generates superior m echanical and barrier properties v ia  a 
stress transfer m echanism  and providing a ph ysical barrier. Secondly, changes in polym er 
chain m obility  surrounding c la y  platelets generate increasingly, or decreasingly, confined 
polym er netw orks that are bound to a large and notionally static anchor; in theory 
generating stiffer, increasingly tem perature resistant and im penetrable polym ers. T hese 
tw o m echanism s com bine, or act in d iv id u ally  in som e cases, to alter properties; how ever, 
it is unknown w hich o f  these m echanism s have greater influence for sp ecific  m aterial 
properties. M echanical properties are often assum ed to increase due to the presence o f  
high m odulus fillers; how ever, w hen sufficient areas o f  polym er are constrained the 
m odulus w ill increase. Barrier properties are com m only described as bein g  im proved b y  a 
tortuous path m echanism  due to the presence o f  h igh  aspect ratio fillers; how ever, it has 
been shown in Chapter 7 b  that changes in polym er chain relaxations, probably due to 
increased confinem ent, m ay also induce significant reductions in perm eability during 
C ase II uptake.
T o  determ ine w hich  properties, m echanical and perm eability etc., are influenced b y  
changes in polym er constraint it is necessary to ascertain w hich  com binations o f  m aterials 
develop these increases. This can b e  conducted b y  analysing m aterial properties that re ly
almost entirely on the level o f  polymer chain mobility. Mechanical and permeability 
properties o f material combinations that show increases in these areas can then be 
compared to material combinations that do not generate these increases. It may then be 
possible to detennine which material properties are controlled by each mechanism, or 
where both apply, and perhaps why there has been significant variation in penneability o f 
nanocomposites manufactured from different resin systems.
This chapter involves experimental testing o f polymer properties that are largely 
dependant upon polymer chain mobility to ascertain the impact o f these factors on glassy 
engineering polymers, and subsequently their influence on nanocomposite property 
improvement mechanisms as described above. Nanocomposite glass transition 
temperatures and dielectric properties were investigated to probe polymer properties that 
are dependent upon these factors. An introduction to dielectric spectroscopy is given 
followed by a review o f  work that has been conducted in these areas followed by 
experimental testing conducted during this study.
9.2. B a c k g r o u n d  t o  D i e l e c t r ic  R e l a x a t io n  Sp e c t r o s c o p y
9.2.1. In t r o d u c t io n
Dielectric relaxation spectroscopy (DRS) can be used to investigate molecular 
interactions and polymer segment mobility by observing their dielectric properties over a 
large frequency and temperature range. During DRS, also known as impedance 
spectroscopy, a sinusoidal alternating voltage is applied to create an external electric field 
across the specimen. This electric field induces polarisation in atoms and molecules 
throughout the specimen at the same frequency as the applied electric field but with a 
time lag, known as the phase angle shift. A ll polarisation processes have a characteristic 
relaxation time, the time taken to return to equilibrium, and different processes will be 
detected at different applied frequencies. Relaxation processes can take from several 
picoseconds in low viscosity liquids to several hours in highly glassy polymers. The 
magnitude o f the phase angle shift is used to calculate the complex dielectric permittivity 
(s*) that can then be split into capacitive and conductive components that confer 
dielectric constant (s ’ ) and dielectric loss (s” ) respectively.
The level o f polarisation depends on electric field strength but the resulting dielectric 
constant is independent o f field strength. However, dielectric constant is dependant on 
applied frequency, temperature, pressure and material chemistry.
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9.2.2. P o l a r iz a t io n  P rocesses
There are a number o f polarisation processes that have different characteristic relaxation 
times; these can be classified as deformation, orientation, ionic and interfacial processes. 
Deformation polarisation processes occur too rapidly to be detected during DRS testing. 
However, orientation polarisation o f permanent and those induced during deformation 
processes, ionic and interfacial processes can be detected.
9.2.2.l  Defo r m atio n  Po la r isat io n
Electron Polarisation: Electrons in a neutral atom are displaced under the influence o f an 
external electric field so the electrons and nucleus become polarised (Figure 9.1). 
Electrons are very light and can move freely; therefore, the relaxation time for electron 
polarisation is very short and detected at high applied frequency.
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Figure 9.1. Diagrammatic representation of electron polarisation.
Atomic Polarisation: Positive and negative ions in close proximity become stretched apart 
as a result o f an applied electric field (Figure 9.2). Atomic polarisation processes have 
lower characteristic frequencies than electron polarisation due to the larger mass and 
higher level o f restraint.
Figure 9.2. Diagrammatic representation of atomic polarisation.
Both electronic and atomic polarisation processes cause induced dipole moments to form 
that will be influenced by other relaxation processes.
9.2.2.2 O r ienta tio n  Po la r isa t io n  (D ipo le  Po la r isat io n )
Permanent dipoles caused by the unbalanced sharing o f electrons in molecules are 
randomly orientated when not subject to an external electric field. However, when an 
external electric field is applied permanent and induced dipoles, created from deformation 
polarisation processes, align themselves with the electric field (Figure 9.3). The relaxation 
time o f molecules orientated in this way depends on local viscosity and level o f constraint 
in the system and is heavily influenced by temperature. Orientation polarisation processes 
occur over a large frequency range but at lower frequencies than deformation processes.
Figure 9.3. Diagrammatic representation of the orientation polarisation of water molecules.
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9.2.2.3 I o n i c  P o l a r i s a t i o n
Under the influence o f an external electric field positive and negatively charged ions in an 
ionic lattice become polarised (Figure 9.4). Ionic polarisation occurs at lower frequencies 
than deformation and orientation polarisation processes.
Figure 9.4. Diagrammatic representation of ionic polarisation.
9.2.2.4 M A X W E L L  W A G N E R  P O L A R IS A T IO N
Maxwell-Wagner, also known as interfacial or space charge, polarisation occurs due to 
the build-up o f charge at the interface between different materials, or voids and free 
volume, in a heterogeneous system. Due to differences in dielectric properties charge can 
build up at both sides o f the boundary leading to an electric double layer being formed at 
the interface. Under normal conditions charge is evenly distributed around the boundary 
resulting in no net charge. However, under an external electric field the electric double 
layer distorts to form Maxwell-Wagner interfacial charges that generate an induced 
dipole. Some charge carriers can become trapped at the interface resulting in long 
relaxation times for interfacial charges that have built up. The build up o f these charges 
increases the capacitance o f  the system and results in an apparent increase in dielectric 
constant.
9.2.3. D ie l e c t r ic  C o n s t a n t  a n d  St r e n g t h
Dielectric constant is a measure o f  a materials ability to be polarised; therefore, more 
polar molecules with less constraint will exhibit higher values. A  highly polar molecule 
such as water that has strong polar hydrogen bonds has a dielectric constant o f 80 at room 
temperature. Whereas, a non-polar polymer such as ethylene that has no permanent 
dipoles and relies on Van Der Waals forces for intermolecular bonding has a dielectric 
constant o f around 3 at room temperature.
9.2.4. L ic h t e n e c k e r -R o t h e r  L a w  O f  M ix tur es
The Lichtenecker-Rother logarithmic law o f mixtures (Equation 9.1) can be used to 
calculate the dielectric constant o f a material when filler has been added and the dielectric 
constants and volume fractions o f  the constituents are known.
log 8C = yi log si + y2 log s2 Equ: 9.1
Where yi and y2 are the volume fractions o f the two components having dielectric 
constants si and 82 respectively.
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A  range o f  dielectric constants for montmorillonite have been reported by a number o f 
geologists and geophysicists. These values vary widely from 207 (Olhoeft 1981, after 
Robinson 2004), 40 (Thevanayagam 1995), 28.2 (Lu & Zhao 2002), 10.4 (Ficai 1959, 
after Robinson 2004) and 5.5 (Robinson 2004). Clearly, the determination o f an accurate 
value for the dielectric constant o f this highly variable material is difficult, as shown by 
the wide range o f values, and some measurements are taken when the clay is moist 
increasing the value. However, all o f  these values are greater than the dielectric constant 
o f epoxy materials used; therefore, the addition o f organoclay and UMC should result in a 
higher dielectric constant than the pure epoxy polymer.
9.3. R e v i e w  o f  P r e v io u s  W o r k
9.3.1. G la ss  T r a n s it io n  T e m p e r a t u r e
9.3.1.1. In tr o d uc tio n
The influence o f organoclay on glass transition temperature has been investigated in 
many different polymer systems and with various organoclays. However, the resulting 
changes are highly inconsistent and have been shown to increase and decrease even in 
similar nanocomposite formulations, especially in epoxy systems where small 
constitutional changes can have significant effect. Although the mechanisms deriving 
these changes have been documented there exists no way to predict whether changes will 
be positive or negative and to what extent they may occur. What follows are some 
examples o f the changes that have been reported with special consideration given to 
similar systems that display differing results.
9.3.1.2. Th er m o plastic  N ano co m po sites
Thermoplastic materials have shown a variety o f increases in thermal properties in most 
materials including polyamide (Tsay et al. 2006), PM M A (Wang et al. 2005; Park & Jana 
2003c), polystyrene (Wang et al. 2004) and sometimes when the organoclay morphology 
is less than impressive (Wang et al. 2005). Polymer networks in materials with weaker 
Van der Waals bonding are more easily reinforced than those containing dipole-dipole or 
in chemically bonded thermosetting polymers.
9.3.1.3. Epo x y  N ano co m po sites
Yasmin et al. (2006) established the glass transition temperature o f  DGEBA-anhydride 
nanocomposites with Nanomer I.28E and Cloisite 30B at varying clay contents. Figure
9.5 shows the glass transition temperature decreasing as the clay loading o f  both types o f  
organoclay increased. These specimens were processed using a three-roll mill and 
Cloisite 30B specimens in particular displayed excellent organoclay dispersion. This 
combination o f materials did not generate the required improvements in polymer
245
Chapter 9: Influence of Organoclay on Polymer Chain Mobility
constraint surrounding clay layer that can lead to increased glass transition temperatures. 
In addition, the superior dispersion o f Cloisite 3OB specimens resulted in greater 
reductions in glass transition temperature.
160-
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Figure 9.5. Glass transition temperatures o f DGEBA-anhydride nanocomposites 
at various organoclay loading, after Yasmin et al. (2006).
Nanocomposites are often manufactured that can show significantly increased mechanical 
properties but still do not generate sufficient changes in polymer constraint to increase 
glass transition temperature. Kommann et al. (2005) produced nanocomposites and fibre- 
nanocomposites with impressive mechanical property improvements (Section 6.3.2.2); 
however, the same material resulted in reduced glass transition temperatures around 1 0 - 
15°C in a 10% nanocomposite due to changes in cross-linking.
Similar decreases have been observed by many researchers (Basara et al. 2005; Chen & 
Curliss 2003; Becker et al. 2004). Glass transition temperature was observed to remain 
unaltered by Lee & Lichtenham (1999) when testing DGEBA-Jeffamine D230 
nanocomposites containing octadecyl ammonium organoclay; whereas Massam et al. 
(1998) recorded a decrease using the same materials and Park & Jana (2003b) recorded a 
decrease using a quaternary surfactant organoclay, while Zhou & Lee (2003) recorded an 
increase with the same polymer and a quaternary surfactant organoclay. Increased glass 
transition temperature has been reported in a limited number o f cases often using high 
temperature curing aromatic curing agents such as DETDA (Becker et al. 2003b; Ratna et 
al. 2003b), among other systems (Imai et al. 2002; Kim et al. 2004).
9.3.2. D ie l e c t r ic  R e l a x a t io n  Sp e c t r o s c o p y
9.3.2.1. IN T R O D U C T IO N
A  limited amount o f research has been conduced into dielectric properties o f 
nanocomposites; much o f which has been conducted using titanium oxide nano- and 
micro-particles to determine how the interphase influences material properties. Limited 
work has been conducted investigating the effect o f organoclay in epoxies. No systematic 
investigation using dielectric spectroscopy has been conducted to determine the
...
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interphase effects o f exfoliated, intercalated and clay-filled epoxy nanocomposites and 
compare them to other interphase-dominated properties such as solvent permeability and 
thermal properties.
9.3.2.2. E P O X Y -N A N O S P H E R E  D IE L E C T R IC  R E S E A R C H
The formation and dielectric testing o f epoxy-titanium oxide (T i0 2) nano- (23nm) and 
micro- (1.5 pm) composites has been investigated to determine the internal charge 
behaviour and dielectric properties o f these materials (Nelson &  Fothergill 2004). They 
found increased dielectric constant o f the microcomposite compared to the pristine epoxy 
that was attributed to the inclusion o f high dielectric constant filler (e ’o f  T i0 2«99). 
Although greater increases were observed than the theoretical value estimated by the 
Lichtenecker-Rother law predicted, this was ascribed to interfacial effects increasing the 
apparent dielectric constant. Nanocomposite specimens had decreased dielectric constant 
in the low frequency range and almost identical values at high frequency to that o f the 
pristine polymer. This was attributed to an interaction zone surrounding the nanoparticles 
restricting polymer chain mobility in that region, slowing down and reducing the 
magnitude o f polymer chain orientation polarisation processes.
The fact that no decreased dielectric constant was observed in the high frequency range 
indicates that polymer chain mobility and orientation was not properly restricted. In the 
case o f a truly constrained polymer region decreased dielectric properties should be 
observed in the high frequency range where polymer chain orientation is more 
characteristic and other processes are not as influential. Since reductions in dielectric 
constant were only observed in the low frequency range it is more likely that these 
changes are due to decreased Maxwell-Wagner polarisation.
During further research it was shown (Nelson & Hu 2005; Nelson et al. 2004) that end 
tethering and restricted movement in nanocomposites had slightly increased (2-3%) the 
polymer free volume while microcomposite free volume decreases (6-9%) compared to 
the pristine epoxy. These results were contrary to common assumptions concerning 
nanocomposite free volume. It had been assumed that nanocomposite free volume would 
reduce and microcomposite free volume would increase as a result o f  tethered 
entanglement o f polymer chains; resulting in reduced and increased dielectric properties 
respectively. Free volume measurements were corroborated by measured thermal 
properties whereby the glass transition o f nanocomposites (52.4°C) was observed to 
decrease while that o f microcomposites (73,9°C) increased compared to the pristine 
epoxy (63.8°C). These results being as expected from respective increases and decreases 
in polymer free volume.
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The apparent discontinuity between dielectric and thermal properties was interesting as 
both depend upon polymer cross-linking, free volume and polymer network constraint 
and should in theory follow suit. Nelson & Hu (2005) attributed increased nanocomposite 
free volume and reduced dielectric properties to a ‘ compressible layer or phase associated 
with the interfaces where the molecular mobility is higher than in the bulk’ .
The changes in free volume allowed the degree o f compatibility between polymer and 
nanoparticle to be determined (Nelson et al. 2004). A  decrease in free volume indicates 
adsorption o f epoxy onto the nanoparticle surface; this may be accompanied by reduced 
polymer mobility. Whereas, an increase in free volume indicates a lack o f epoxy­
nanoparticle contact generating a highly mobile interphase.
Nelson et al. (2004) subsequently described a mobile interlayer that would result in 
increased free volume but able to significantly reduce Maxwell-Wagner polarisation 
effects due to this mobility. This theory explains the increased free volume, reduced glass 
transition temperature and decreased dielectric properties at low frequency. Although the 
interfacial areas are significantly increased in nanocomposites this mobile interlayer is 
apparently able to reduce Maxwell-Wagner interfacial polarisation to a greater degree 
than the microcomposite with its higher level o f polymer constraint and lower free 
volume is able to achieve. This later paper corrects the findings o f earlier papers that 
attributed dielectric constant reductions to confined polymer. Truly confined polymer 
regions will result in dielectric constant reductions in the high frequency range, more or 
less independently o f what occurs at low frequency due to interfacial effects. The 
nanocomposites in this case were perhaps less than ideally bonded, as indicated by 
increased free volume, causing a mobile interphase to form and reducing properties that 
rely on polymer chain constraint.
This theory o f a mobile interlayer has not been suggested for organoclay nanocomposites. 
The surface areas involved are much larger and the bonding between organoclay 
surfactant and epoxy is different than between T i0 2 nanoparticles and epoxy; resulting in 
different changes in polymer chain mobility at the interphase.
Dielectric investigation conducted using other types o f metallic nano- and micro-particles 
(T i0 2, A 12C>3 and ZnO) has also been conducted (Fothergill et al. 2004) exposing 
interesting results. They showed that the type o f material used to form the nano- or micro­
particles had little effect on dielectric properties. A ll types o f nanoparticle caused an 
almost identical decrease in dielectric properties compared to the pristine epoxy, while 
each type o f microparticle caused an almost identical increase in dielectric properties. The
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differences between micro- and nano-particle properties were again attributed to 
decreased Maxwell-Wagner interfacial polarisation in the nanocomposite due to a mobile 
interlayer surrounding the nanoparticles. However, the fact that different types o f nano- or 
micro-particle had little effect on the overall properties indicates that interphase effects 
are more important than the nanoparticles themselves, characteristic o f  a true nano­
material.
Epoxy silica nano- (lOOmn) and micro- (3 pm) composites have been tested (Sun et al. 
2005) with respect to their thermal and dielectric properties. It was observed that 
nanocomposites experienced a 22°C reduction o f glass transition temperature while the 
microcomposite remained unchanged compared to the pristine polymer. This was 
attributed to increased polymer mobility due to increased free volume in the interfacial 
region. Similar properties were shown during dielectric testing in which nanocomposite 
dielectric constant was vastly increased compared to the pristine polymer, while 
microcomposite properties also increased but to a lesser extent. Microcomposite 
properties may have increased due to the addition o f silica, while those o f the 
nanocomposite indicate changes to the polymer network in addition to increases due to 
silica.
Although interesting, these types o f nanocomposite are different to ones formed with 
organoclay. In many o f the above examples a mobile interlayer with decreased polymer 
constraint is thought to form; due to increased free volume arising from poor 
nanoparticle-epoxy compatibility. This results in reduced interfacial polarisation and 
reduced dielectric properties at low but not high frequency. The properties o f a metallic 
nanosphere composite are not so dependant upon the nanoparticle, the interphase is just 
as, i f  not more, important than the particle. However, properties o f organoclay 
nanocomposites derived from both interphase and platelet effects. Therefore, property 
enhancement will not only depend upon the interphase but will be determined by clay 
platelets and by consequence that o f exfoliation and dispersion.
9.3.2.3. O r g a n o c l a y  N an o c o m po sit e  D ielectr ic  Research
Wang et al. (2004) tested polystyrene-organoclay nanocomposites and found an increased 
glass transition o f 10°C at 5wt% organoclay. The same material exhibited large 
reductions in dielectric constant, decreasing from 1 0 .6  in the pristine polystyrene to 6 . 2  in 
the nanocomposite when tested at 30°C. This represents a large decrease that was 
attributed to polymer confinement around clay layers and in clay galleries. Similar 
properties have been observed in other thermoplastics such as polyamide in which 
dielectric constant reduced from 4.4 to 2.4 at 5% organoclay (Tsay et al. 2006), and
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PM M A in which dielectric constant reduced from 10 to 4 at 5% organoclay (Wang et al. 
2005); in each case being accompanied by an increase in thermal properties.
ICanapitsas et al. (2005) conducted tests on epoxy nanocomposites containing quaternary 
surfactant organoclays with the equivalent o f 5% clay in each case. They observed 
decreased nanocomposite dielectric constant across all frequencies compared to the 
pristine polymer that increased in magnitude as the temperature was raised. 
Nanocomposite morphology was described as exfoliated although no evidence was shown 
to support this statement. Changes in epoxy dielectric properties were attributed to an 
overall decrease in polymer mobility in the nanocomposite.
Increases in thermal and decreases in dielectric properties suggest that the mobile 
interlayer observed in nanosphere composites do not exist in well-formed organoclay 
nanocomposites. A  polymer confinement model appears to be better suited in organoclay 
nanocomposites due to the dielectric property reductions over the entire frequency range 
and increased thermal properties.
The results and conclusions made by ICanapitsas et al. (2005), or any paper, do not 
attempt to connect the dielectric properties with any other property improvements in 
epoxy nanocomposites and have not investigated other forms o f clay structure or 
compared different material combinations. The comparison o f dielectric properties, 
nanocomposite morphology and nanocomposite properties using different organoclays 
and epoxy resin systems will form a part o f this investigation.
93.2.4. O bservations  Fr o m  Previous  W ork
Results seen with organoclay nanocomposites differ significantly from those o f metallic 
or silica nanosphere composites. Although dielectric properties were observed to decrease 
in some nanosphere composites, glass transition temperature consistently decreased. This 
is in contrast with decreased dielectric and increased glass transition temperature 
observed in organoclay nanocomposite materials.
In both nanosphere and organoclay nanocomposites polymer-nanoparticle compatibility 
has a significant influence on final properties. It was noted that epoxy was not adsorbed 
onto the surface o f nanosphere particles, resulting in a mobile interlayer being formed; 
whereas, larger micro-particles allowed direct contact and adsorption o f polymer chains 
decreasing free volume. Whether this effect is due more to the size o f nanospheres 
approaching the dimensions o f polymer chains or the chemistry o f the particle surface and 
coupling agent is not clear; however, the effects are well documented. Similar theories 
exist in context to confined polymer films and have been validated during testing using an
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intercalated organoclay nanocomposite to simulate supported thin films (Anastasiadis et 
al. 2000). The results were controlled by attraction between the polymer and wall (clay 
platelet). The glass transition temperature decreases as film thickness decreases when the 
polymer and platelet are not attracted. Whereas, glass transition temperature increases 
when high compatibility and attraction between the components exists. This results in an 
interphase that is more mobile, or no change, with less compatible constituents or less 
mobile with highly compatible constituents.
Property changes in thermoplastic organoclay nanocomposites are far greater than those 
o f epoxy. Reductions in dielectric constant are far greater indicating that whatever 
polymer confinement is happening is occurring to a much greater extent than in epoxy 
materials.
The lack o f cross-linking in thermoplastics enables polymer chains to rotate and orientate 
themselves more easily than in a thermoset when exposed to an external electric field. It 
is this lack o f cross-linking constraint that causes thermoplastic materials that contain few 
polar molecules to exhibit high dielectric constants. Whereas, highly glassy densely cross- 
linked thermosetting materials have a high degree o f constraint that significantly reduces 
rotation and orientation in a similarly polar material, resulting in lower dielectric 
constants. Therefore, polymer in thermoplastic nanocomposites will be restrained by 
bonding to clay layers and from the anchoring effect that the clay layers impose, creating 
a highly constrained polymer region in which polymer chain mobility is significantly 
reduced compared to the bulk. This highly bound region will result in polymer chains 
having a far lower capacity to rotate and orientate with the electric field, reducing the 
dielectric constant considerably. However, thermosetting materials already have a high 
degree o f polymer constraint imposed by dense cross-linking. Therefore, increased 
polymer constraint imposed by organoclay will have considerably less effect on the 
overall polymer mobility than in a thermoplastic and will result in smaller decreases in 
dielectric properties.
This is observed with dielectric constant reductions o f 0.58, 0.54 and 0.4 times the 
pristine polymer in 2.5% polystyrene, 5% polyamide and 5% PM M A nanocomposites 
respectively at 30°C (Wang et al. 2004; Tsay et al. 2006; Wang et al. 2005). Whereas, a 
6 % organoclay-epoxy nanocomposite displays dielectric constant 0.925 times that o f the 
pristine material at 30°C (Imai et al. 2002), or almost no change for a 5wt% 
nanocomposite at 30°C (Kanapitsas et al. 2005).
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This effect will also be true for other properties o f nanocomposites. The creation o f highly 
bound regions o f polymer will transform the properties o f a thermoplastic towards that o f 
a material with stronger intermolecular bonding. This will result in large increases in 
mechanical properties, as the ratio o f pristine polymer confinement to nanocomposite 
confinement is large. This is also true for thermosetting materials that are already cross- 
linked, they will undergo additional polymer constraint around the clay layers to produce 
a material that has a higher level o f polymer constraint; however, polymer cross-linking 
has a far greater effect than the bound polymer. Therefore, the ratio o f pristine polymer 
confinement to nanocomposite confinement is small and will result in less significant 
increases in mechanical properties due to this mechanism.
However, when the effect o f clay layers is introduced into this polymer confinement 
model the situation becomes slightly less clear. The ability o f clay layers to transmit stress 
should, in theory, be equal in all types o f polymer. The ratio o f pristine to nanocomposite 
polymer confinement will influence mechanical property increases as stress transfer will 
be heavily altered by the level o f confinement. Thus, a thermoplastic material with large 
volumes o f well confinement polymer should undergo larger mechanical property 
increases than a thermosetting polymer that will have a small relative increase in polymer 
confinement. This is observed with some thermoplastic materials in which their strain to 
failure decreases dramatically, in some cases to as low as 0.042 times that o f the pristine 
polymer (Masenelli-Varlot et al. 2002).
Further evidence to support this theory are the dielectric properties o f epoxy 
nanocomposites at high temperature. Epoxy materials show a dramatic increase in 
dielectric properties with increasing temperature as their highly constrained polymer 
chains gain more freedom to rotate when exposed to temperatures approaching their glass 
transition. This reduces the effect o f  polymer cross-linking and increases the effect o f 
polymer confinement, thus at higher temperatures the effect o f confined polymer is more 
obvious in a similar way to thermoplastic materials at room temperature.
In theory the creation o f highly constrained regions o f thermoplastic polymer could also 
decrease the permeability to ingressing agents. By slowing down the reorientation and 
separation o f polymer chains when subjected to ingressing agents the rate o f adsorption 
will be reduced. In contrast, thermosetting materials will exhibit only a slight decrease in 
polymer mobility and will therefore not alter penneability to a great degree. This theory 
would help to explain the decreased permeability seen in polymers where the tortuous 
path theory alone cannot explain the differences.
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The property improvement mechanisms discussed above assume highly compatible 
polymer-organoclay that results in a highly bound immobile interphase being formed. 
This will not occur with every material combination and would be dependant on adequate 
polymer-organoclay bonding, decreased free volume and increased polymer constraint.
9.3.2.5. M ec h anism  O f N an o c o m po sit e  D ielectr ic  Co nstan t  
Red u c tio n
Mechanisms o f nanocomposite property improvement are often attributed to clay platelets 
somehow altering overall material properties. Mechanical properties being altered by clay 
layers transmitting stress or barrier properties being altered by creating a tortuous path. 
Both o f these mechanisms rely predominantly on the presence o f clay layers to alter 
properties. However, dielectric and thermal properties are influenced by changes in 
polymer mobility, levels o f constrained polymer and free volume effects that occur due to 
the presence o f clay layers. This can be seen as a significant difference between the two 
types o f property increase; those generated mainly from interfacial effects and those 
generated from the physical presence o f clay platelets. These two mechanisms will be 
referred to as ‘ interfacial effects’ and ‘platelet effects’ .
In any polymer-clay, or organoclay, combination there will be clay platelets present, 
although not necessarily well bonded, which could lead to improvements by platelet 
effects. This has been witnessed when testing UMC specimens where small decreases in 
solvent uptake (Section 7B.3) and small increases in mechanical properties (Section 5.4.1) 
have been observed. These platelet effects become increasingly prominent as the level o f 
clay layer separation increases. However, clay layer separation increases due to increased 
compatibility and bonding between polymer and organoclay, making the changes due to 
interfacial and platelet effects indistinguishable. In comparison, the combination o f UMC 
and polymer should have no positive effect on properties that are dominated by interfacial 
effects. Therefore, i f  a true single-phase highly compatible nanocomposite has been 
formed the properties influenced by interfacial effects will be enhanced; whereas, 
properties influenced by platelet effects can be increased when two distinct semi-bound 
phases are present or the material combination used does not reduce polymer mobility.
9.4. E x p e r im e n t a l  T e s t in g  o f  P o l y m e r  C h a in  M o b i l i t y
9.4.1. In t r o d u c t io n
Investigation o f nanocomposite glass transition temperatures and dielectric properties has 
been conducted to ascertain the degree o f polymer chain mobility in nanocomposite 
specimens. This can be used to compare the level o f polymer chain constraint in 
nanocomposites o f different polymer systems. This will give a good indication o f the
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degree o f bonding between polymer and clay platelets and whether areas o f restrained 
polymer have been created that might increase properties dominated by interfacial effects. 
This has been conducted using differential scanning calorimetry (DSC) and broadband 
dielectric relaxation spectroscopy (DRS).
DRS has also been used to determine dielectric constants o f polymer materials being used 
to manufacture nanocomposites. It was suggested in Section 7B.1.4 that the relative 
dielectric constant o f  polymer and ingressing agent may influence whether its 
nanocomposite will be effective at developing permeability reductions. This being due to 
the relative polarity o f bonds existing in the two materials being o f a similar or vastly 
different strength resulting in a high or low level o f chemical interaction during sorption.
9.4.2. M e t h o d o l o g y
9.4.2.1. DSC Testing  
E x p e r im e n ta l  P ro c e d u re
Cured specimens with one flat surface o f  regular shape weighing 5-8mg were placed in a 
hermetically sealed aluminium pan for DSC testing. A  TA  Instruments Q100 calibrated 
using an indium metal sample was used for all tests. Tests were conducted at 10°C/min 
from room temperature to a temperature high enough to reveal all the prominent kinetics 
in each different resin system.
9.4.2.2. DRS Testing  
Specim en M a n u fa c tu r e
Specimens were cast using the vacuum assisted resin infusion method (Section 3.2.1.2) 
with a 1mm thick PTFE gasket. Although specimens with a thickness below 1mm would 
be preferable the preparation o f void free films becomes increasingly difficult as 
thickness decreases due to a higher proportion o f material becoming affected by the 
surface o f the mould. Specimens were prepared by the standard high-shear processing 
method (Section 3.2.2.1) and cured using standard curing cycles (Section 3.1.4). 
Specimens o f 40x40mm2 were then cut from these sheets for testing.
E x p e r im e n t a l  Pr o c e d u r e
Specimens o f polymer and nanocomposite were tested at 30°C to investigate their 
dielectric constants while increasing temperatures were used to investigate the degree o f 
polymer constraint, in both cases the basic experimental procedure was the same.
Specimens were tested using a Novo control spectrometer and frequency analyser. 
Specimen thickness was measured to 0.01mm and found to be within 0.02mm over the 
entire specimen area. Specimens were placed between 35mm diameter gold coated
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electrodes. Specimens were subjected to a frequency range o f 107-10‘ ]Hz using an electric 
field generated by an applied voltage o f 3Vnils. Tests were conducted under a nitrogen 
atmosphere where the temperature was stabilised for 1 minute at ±0.3 °C o f the target 
temperature before testing. Values o f dielectric constant (s ’ ) and dielectric loss (e” ) were 
recorded as a function o f frequency over the range selected. When temperature 
increments were conducted specimens were subjected to a temperature range o f 30°C to 
Tg±50°C at 10°C intervals at a heating rate o f 3°C/minute.
9.5. R e s u l t s  o f  P o l y m e r  C h a i n  M o b i l i t y  T e s t in g
9.5.1. R e su lts  o f  DSC T estin g
9.5.1.1. Po ly p o x  N an o co m po sites
Results o f Polypox DSC testing are shown in Figure 9.6 and Table 9.1. The properties o f 
well-dispersed and exfoliated (by XRD) nanocomposites show a reduction in glass 
transition temperature compared to the pristine material. The high volume o f polymer 
situated between clay layers is likely to be less well cross-linked or constrained with an 
increase in free untethered ends than in the pristine polymer. This may indicate a lack o f 
organoclay-polymer bonding creating areas o f  polymer that are neither well bound to the 
clay platelet (unsupported thin film) or to the bulk polymer outside the clay galleries 
creating decreased cross-linking and increasing polymer mobility.
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Specimen Glass Transition 
Temperature (°C)
Transition 
Length (°C) Relative Tg
0% Polypox 89.1 5.27 1.000
5%HS I.30E 84.8 5.72 0.952
5% UMC 86.3 8.61 0.968
Table 9.1. Average thermal properties of Polypox nanocomposites.
Specimens manufactured with UMC show a reduction in glass transition temperature but 
not as great as nanocomposite specimens. The poorer dispersion and lack o f polymer 
between clay galleries limits the volume o f polymer affected by UMC and results in a less 
significant reduction. The transition length o f UMC specimens is longer than the pristine 
and nanocomposite specimens. It appears that the process starts at a lower temperature 
than the pristine material, presumably in areas affected by the presence o f UMC, but 
extends to a temperature almost identical to that o f the pristine polymer, probably in areas 
o f bulk polymer unaffected by the presence o f UMC. This stretching o f the glass 
transition does not occur in nanocomposite specimens where the superior dispersion and 
polymer penetration between clay galleries exposes sufficient volumes o f  polymer so the 
entire specimen is affected, thus displaying a similar length transition as the pristine 
polymer but shifted to a lower temperature.
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Temperature (°C)
Figure 9.6. DSC of Polypox nanocomposites (lines displaced vertically for clarity).
9.5.1.2. Eth acure  N ano co m po sites
Results o f Ethacure DSC testing are shown in Figures 9.7 and 9.8 and Table 9.2. In well- 
dispersed and exfoliated (by XRD) I.30E nanocomposites increasing organoclay content 
results in increased glass transition temperatures. These increases show reasonable 
proportionality to organoclay loading, as would be expected due to increased volumes o f 
polymer being affected by proximity to organoclay. These results suggest good 
organoclay-polymer bonding leading to supported thin film with improved cross-linking, 
tethered ends and reduced polymer mobility; this represents the reverse effect as that 
shown in the Polypox system.
Specimen Glass Transition 
Temperature (°C)
Transition 
Length (°C) Relative Tg
0% Ethacure 144.3 16.2 1.000
2%HS I.30E 149.5 16.1 1.036
5%HS I.30E 150.9 16.5 1.045
10% HS I.30E 161.3 18.0 1.118
5% HS Nanofil 32 160.4 17.8 1.112
5% HS Nanofil SE 146.6 16.1 1.016
5% UMC 157.2 16.4 1.089
Table 9.2. Average thermal properties of Ethacure nanocomposites.
However, when other types o f organoclay are compared the results are more mixed. 
Specimens o f 5% Nanofil 32 display far greater increases in glass transition temperature 
than 5% I.30E and almost as high as 10% I.30E specimens. The surfactant used in this 
organoclay (dimethyl benzyl octadecyl ammonium) appears to be far more compatible 
with Ethacure than I.30E, presumably due to its highly organophilic character from the 
benzene ring and two octadecyl chains. It has been suggested that this type o f organoclay 
develops stronger interactions with the polymer and should in theory produce higher 
quality nanocomposites. However, this organoclay does not develop any acid 
catalysation, unlike I.30E, to achieve a chemical exfoliation mechanism. Therefore, it 
relies entirely on mechanical exfoliation mechanisms to separate clay layers beyond that
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o f intercalation; this has not been achieved with the processing methods used. It would be 
expected that given sufficiently powerful processing devices to generate mechanical 
exfoliation that this organoclay would produce far superior nanocomposites than those o f
I.30E.
Temperature (°C)
Figure 9.7. DSC of I.30E Ethacure nanocomposites (lines 
displaced vertically for clarity).
Conversely, specimens o f 5% Nanofil SE processed by the same method shows only a 
small increase in glass transition temperature compared to the pristine material (Figure 
9.8). This suggests that organoclay-polymer interactions are far inferior to that o f I.30E 
and Nanofil 32; resulting in little change to the polymer network surrounding the clay 
platelets. However, even more interesting are the increases observed with UMC 
specimens that are greater than those o f I.30E specimens at the same total organoclay 
weight loading (but greater platelet loading due to surfactant weight).
Result o f UMC specimens (Figure 9.8) suggest that either polymer constraint and reduced 
polymer mobility can be achieved with little, or no, polymer-organoclay bonding or 
another mechanism is responsible for these and possibly the increases observed with other 
organoclays. In theory there should be little interaction between the hydrophilic UMC and 
organophilic polymer, there should be no polymer penetrating clay galleries and the 
volumes o f polymer in proximity to UMC should be only a fraction o f that in organoclay 
specimens. This polymer system appears to be easily altered and the increases appear to 
consistently be positive, although specimens o f Nanofil SE were far below that o f any 
other organoclay and suggest that not all fillers will generate such advantages. It was 
discussed in Section 9.3.2.4 that decreased polymer mobility is more likely to be 
generated with highly compatible polymer-nanoparticle combinations in which polymer 
chains are adsorbed onto the surface o f clay platelets; therefore, achieving reductions in 
free volume. This type o f curing agent or the high temperature curing cycle may provide 
sufficient activation energy for adsorption o f polymer chains onto the clay surface.
257
Chapter 9: Influence of Organoclay on Polymer Chain Mobility
However, the organophobic nature o f the clay layer makes this unlikely. This curing agent 
has a short chain length compared to the other curing agents and, therefore, might be less 
susceptible to changes in the polymer network. However, given the probable lack o f 
UMC-polymer bonding a full understanding o f this behaviour is unknown.
Temperature (°C)
Figure 9.8. DSC of Ethacure nanocomposites with various 
organoclays (lines displaced vertically for clarity).
9.5.I.3. Exchem  N ano co m po sites
Results o f Exchem DSC testing are shown in Figure 9.9 and Table 9.3. Exchem 1.30E 
nanocomposites show a slight reduction in glass transition temperature but not as great as 
that shown by Polypox nanocomposites. Although these specimens are known to posses 
an intercalated morphology the glass transition temperature is not reduced to the same 
degree as Polypox. This may be because less polymer is situated between clay platelets so 
the mechanisms increasing polymer chain mobility have influence over less polymer 
volume and thus less o f an impact on specimen properties. However, it is likely that 
Exchem-organoclay compatibility is not sufficient to create a supported thin film in the 
clay galleries so a decrease in cross-linking, increase in free untethered chain ends and 
decreased constraint occurs that generates increased polymer mobility in these areas. This 
being similar to that in Polypox but unlike Ethacure in which high compatibility, or the 
high curing temperature, is likely to have created supported thin films.
Temperature (°C)
Figure 9.9. DSC of Exchem nanocomposites (lines displaced 
vertically for clarity).
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Specimen Glass Transition Temperature (°C)
Transition 
Length (°C) Relative Tg
0% Exchem 68.2 21.4 1.000
5%HS I.30E 67.3 25.6 0.987
Table 9.3. Average thermal properties of Exchem nanocomposites.
9.5.2. D i s c u s s i o n  a n d  C o n c l u s i o n s  o f  DSC T e s t i n g
The effect o f organoclay on the glass transition temperature o f Polypox and Ethacure 
nanocomposites contrast one another. While I.30E Polypox specimens suffer a reduction 
and UMC specimens to a lesser degree, I.30E Ethacure specimens show an increase and 
UMC specimens to a greater degree. Different types o f organoclay in Ethacure specimens 
also generate large variations in glass transition temperature but all lead to increases. It 
was assumed that differences in glass transition temperature depend largely on the quality 
o f polymer-organoclay bonding increasing or disrupting cross-linking and polymer 
constraint. However, this appears to be a simplistic assumption due to the increased glass 
transition temperature shown by UMC Ethacure specimens in which no, or little, bonding 
should occur. Therefore, there must be additional mechanisms or influences that change 
polymer properties and lead to changes in polymer segmental mobility.
Changes in Polypox and Ethacure glass transition temperature generally follow changes 
that have been observed in nanocomposite solvent permeability. Polypox nanocomposites 
show reduced glass transition temperature and almost no change in solvent permeability. 
Whereas, Ethacure nanocomposites show increased glass transition temperatures and 
reductions in solvent permeability. However, this only resembles a general trend and 
there are clearly other effects that also generate changes in polymer permeability; 
therefore, polymer glass transition temperature cannot alone be used to account for the 
observed changes. For example, Polypox nanocomposites with reduced glass transition 
temperature can achieve slight reductions in solvent permeability, whereas UMC Polypox 
specimens with a slightly higher glass transition temperature display large increases in 
solvent uptake. These changes are likely due to additional differences such as clay 
morphology, micro-voids around UMC and polymer-organoclay interaction.
Variations also appear when different Ethacure specimens are examined; 1.3OE specimens 
show the greatest reduction in solvent permeability while Nanofil 32 specimens achieve 
less than half o f these values, while UMC specimens achieve a slight reduction up to 5% 
organoclay loading and increase thereafter. This is significantly different to changes in 
glass transition temperature observed during DSC testing.
I f  changes in glass transition temperature tested by DSC are compared to solvent 
permeability, results from Ethacure specimens would suggest that increased cross-linking
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and constraint has little effect on solvent permeability due to the constant increases in 
glass transition temperature but a variety o f changes in permeability. This comparison 
would suggest that changes in permeability must be due to other factors. This is also true 
for Polypox specimens; reductions in glass transition temperature have resulted in a slight 
reduction and a large increase in solvent permeability for I.30E and UMC specimens 
respectively. This does not represent any correlation and, therefore, changes in polymer 
local segmental mobility that influence glass transition temperatures cannot be used alone 
to explain changes in solvent permeability. Therefore, additional mechanisms must exist 
that contribute or detract from polymer properties resulting from changes in polymer 
cross-linking, bonding and mobility.
9.5.3. R e su lt s  o f  DRS T e s t in g
9.5.3.I. Po ly m e r  D ielec tr ic  C onstants
Specimens o f 0 and 5wt% 1.3OE Ethacure, Polypox and Exchem, 5wt% UMC Ethacure 
and Polypox, and 5wt% Nanofil 32 Ethacure were manufactured to determine their 
dielectric constants. Table 9.4 shows the dielectric constants at selected frequencies for 
these specimens. The dielectric constant spectra for all three pristine polymers are shown 
in Figure 9.10.
Specimen Die ectric Constant (s’ )
1.54xl07 1.15xl02 1.00x10'1
0% Ethacure 3.89 4.53 4.57
5% I.30E Ethacure 3.80 4.48 4.56
5% UMC Ethacure 4.15 5.15 5.24
5% Nanofil 32 Ethacure 3.78 4.83 5.02
0% Polypox 3.48 4.16 4.24
5% I.30E Polypox 3.49 4.10 4.18
5% UMC Polypox 3.55 4.40 4.51
0% Exchem 3.61 4.13 4.51
5% I.30E Exchem 3.60 4.12 4.52
Table 9.4. Dielectric constants at selected frequencies of specimens at 30°C.
It can be seen in Figure 9.10 that Ethacure has a higher dielectric constant than Polypox 
and Exchem, although the dielectric constant o f Exchem does increase more in the low 
frequency range. This represents only a slightly higher dielectric constant than the other 
resin systems and would not cause significant differences in the way Ethacure interacts 
with ingressing agents. The differences between the polarities o f the resin systems and 
digressing agents used during permeability testing (Section 7b . 1) are far greater than the 
difference between any o f the different polymer systems. Water, acetone and methanol 
have dielectric constants o f 80, 20.7 and 33.1 respectively, far greater than any o f the 
resin systems. The small difference between the polarity o f Ethacure and other resin
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systems would not be sufficient to explain the difference seen in solvent uptake o f their 
respective nanocomposites.
Figure 9.10. Dielectric constant (s’) spectra of pristine polymer specimens at 30°C.
9.5.3.2. I.30E N a n o c o m p o s i t e D ielectric C o n s t a n t
When the dielectric constant-ffequency spectra o f each resin system is compared with 
their respective nanocomposite containing 5wt% I.30E a different behaviour is witnessed 
in each case. These three spectra are shown in Figures 9.11-9.13 and show how the same 
organoclay has in each case elicited a different response. Ethacure, Polypox and Exchem 
nanocomposites show a decrease, increase and unchanged dielectric constant respectively 
when compared to the relevant pristine polymer. In addition, changes to Ethacure and 
Polypox nanocomposite dielectric constants occur at different ends o f the frequency 
spectrum, indicating different polarisation mechanisms are responsible for these 
variations.
Po lypo x  I.30E N anoco m po site  D ie le c tr ic  Constant
Polypox I.30E nanocomposite and pristine polymer specimens display different behaviour 
as that shown by Ethacure specimens. Polypox nanocomposites exhibit an identical 
dielectric constant at high frequency and a decrease at low frequency compared to the 
pristine polymer (Figure 9.11). Similar properties at high frequency indicate that 
orientation polarisation processes are occurring to a similar degree and, therefore, the 
polymer in this nanocomposite is not being altered like that o f Ethacure. Similar dielectric 
properties indicate that this nanocomposite system is not developing any significant 
change in polymer network mobility.
However, polarisation processes occurring at lower frequency are reduced in the Polypox 
nanocomposite indicating some differences in the material when tested at this frequency. 
However, changes in this frequency range do not necessarily represent modifications in 
the restraint o f polymer chains and can be due to other processes such as interfacial 
polarisation. A  reduction in Maxwell-Wagner polarisation may be occurring; suggesting
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either good polymer-organoclay bonding reducing free volume and limiting interfacial 
polarisation observed in the pristine material but not sufficient to alter overall polymer 
mobility, or poor polymer-organoclay bonding with increased free volume and a mobile 
interphase being formed that suppresses interfacial polarisation like that experienced in 
some poorly bonded nanosphere composites (Section 9.3.2.2). Although the effect is the 
same, one would generate decreasing polymer mobility while the other generates 
increasing polymer mobility but insufficient to alter properties at high frequency, even 
though the effect on space charge polarisation is reduced in both.
Frequency (Hz)
Figure 9.11. Dielectric constant (s’) spectra of Polypox specimens at 30°C. 
E th acu re  I.30E Nanocom posite D ie le c t r ic  C onstan t
Ethacure I.30E nanocomposite dielectric constant is consistently below that o f the pristine 
polymer over the entire frequency range analysed (Figure 9.12). This is the opposite o f 
what would be expected from the Lichtenecker-Rother mixing rule after the inclusion o f 
particles with a higher dielectric constant, indicating that changes to the polymer or 
interface are altering dielectric properties. There is no evidence to indicate any ionic 
polarisation is being detected from the clay lattice that would increase dielectric 
properties. Any ionic polarisation would be present as a constant feature when comparing 
the pristine polymer with organoclay or UMC specimens that would be due to the same 
clay structure occurring in each case, this has not been observed.
The change in dielectric constant is greatest at high frequency and reduces to become 
almost identical to the pristine polymer at low frequency. Similar behaviour at low 
frequency indicates no change in interfacial Max well-Wagner polarisation is occurring, 
having been observed in less compatible nanocomposites, suggesting good organoclay- 
polymer bonding and no increase in free volume or production o f a mobile interphase.
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Frequency (Hz)
Figure 9.12. Dielectric constant (e’) spectra of Ethacure specimens at 30°C.
At higher frequency, where orientation polarisation processes are more characteristic, the 
difference between pristine and I.30E Ethacure specimens increases. This indicates that 
polymer in the nanocomposite is less able to orientate when tested at 30°C. This decrease 
in the ability o f Ethacure to orientate is revealed in the dielectric spectra as a decrease in 
dielectric constant. The nanocomposite appears to become less polar when compared to 
the pristine material, although this only occurs due to polymer confinement. Therefore, it 
can be concluded that some polymer inside the I.30E Ethacure nanocomposite system is 
less mobile and restricted from moving as freely as the pristine material.
In ter c alate d  and  Cl a y -F ille d  N anocom po site  D iele c tr ic  Properties
Intercalated Ethacure nanocomposites produced with Nanofil 32 show decreased
dielectric constant at high frequency that increases quickly and continues to rise to a level 
well above the pristine material (Figure 9.12). This suggests that polymer chain mobility 
is restricted, as indicated by reduced dielectric constant at high frequency, but additional 
processes are occurring at lower applied frequency that increases dielectric constant 
dramatically. The increases at lower applied frequency may be due to interfacial 
polarisation processes between the regularly spaced and aligned clay platelets.
Clay-filled composites manufactured with Ethacure and Polypox both show significantly 
increased dielectric constants compared to the equivalent pristine polymer with the 
increases becoming more significant at lower frequency. Ethacure dielectric constant 
increased from 3.89 to 4.15 and Polypox increased from 3.48 to 3.55 at high frequency 
when UMC was added. These values, especially those o f Polypox, do not represent large 
changes in dielectric constant and might indicate reduced polymer constraint or increases 
in other polarisation processes occurring at the interface between incompatible phases. At 
lower frequency it is more likely that the changes are due to interfacial effects such as 
micro-voids at the clay-polymer interface trapping charge, Maxwell-Wagner interfacial 
polarisation and changes in free volume, as well as increased polymer mobility. These
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large variations in UMC dielectric constant are slightly misleading and do not represent 
true changes to the polymer network. Other polarisation processes described above are 
masking the nature o f the polymer and altering the actual values, thus making 
interpretation o f UMC specimens difficult.
Different values for the dielectric constant o f montmorillonite were used in conjunction 
with the Lichtenecker-Rother rule o f mixtures to ascertain i f  one value could be found 
that would form a solution for clay-filled Ethacure and Polypox nanocomposites. No 
single value could be found to satisfy both conditions, this suggests that the UMC is 
having a slightly different effect on the dielectric properties in each case. This can be seen 
in the relative increases o f UMC specimen dielectric constant in each case in which the 
increases are substantially different.
Exchem I.30E Nanocom posite D ie le c t r ic  C onstan t
Exchem polymer and nanocomposite specimens show almost identical dielectric constant 
spectra (Figure 9.13). There appears to be no visible change in any polarisation processes 
resulting in no change in dielectric constant when tested at 30°C. Exchem 
nanocomposites are known to be intercalated and less compatible, this may not lead to 
any significant changes in polymer bonding or mobility.
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Figure 9.13. Dielectric constant (s’) spectra of Exchem specimens at 30°C.
9.5.3.3. T e m p e r a t u r e D ep e n d e n t D ielectric Properties
When elevated temperatures are used in conjunction with testing dielectric properties the 
differences between materials become more pronounced as polymer chain mobility is 
increased. This can reveal behaviour that is present but sufficiently restricted at room 
temperature so it cannot be observed.
Po lypo x  N anocom posites
Figures 9.14 and 9.15 show the temperature dependant dielectric constant properties o f 
5% I.30E and pristine Polypox specimens at higher and lower temperatures respectively.
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At low temperature the nanocomposite and pristine dielectric properties are similar at 
high frequency but diverge at low frequency with nanocomposite specimens showing a 
slight decrease. This difference at low frequency reduces as temperature increases and by 
70°C the nanocomposite dielectric constant is greater than the pristine polymer. This 
trend continues and at higher temperatures results in a dielectric constant significantly 
greater than that o f the pristine polymer at low frequency and a slight increase at high 
frequency. This may indicate that the polymer is more able to align itself with the electric 
field indicating a possible reduction in strength o f polymer constraint and a more mobile 
polymer network. However, these large increases are seen mostly at low frequency, 
indicating the possibility o f increased interfacial polarization, while at higher frequency 
the nanocomposite dielectric constant is only slightly increased.
It is likely that the large increases at low frequency do not represent actual changes in 
polymer constraint and occur due to interfacial or other polarization processes due to the 
presence o f the organoclay. Whereas, the changes at high frequency, where interfacial 
processes do not occur, may give a more accurate interpretation o f the relevant behaviour. 
As temperature increases the difference between nanocomposite and pristine polymer 
dielectric constant continues to increase until the differences are significant at low 
frequency while maintaining a slight increase at high frequency.
Frequency (Hz) Frequency (Hz)
Figure 9.14. High temperature dielectric constant Figure 9.15. Low temperature dielectric constant 
spectra of 5% I.30E and pristine Polypox specimens, spectra of 5% I.30E and pristine Polypox specimens.
UMC Polypox specimens (Figures 9.16 and 9.17) display increased dielectric constant
over the entire frequency spectra. At high temperature UMC specimens show increases in
dielectric constant at low frequency that are not much greater than those o f I.30E
specimens, indicating the same types o f interfacial polarization or charge migration
processes might be occurring. UMC specimens display larger increases in dielectric
constant at high frequency where changes in polymer bonding and constraint are more
likely to be observed. This indicates that at every temperature tested UMC has resulted in
a more mobile polymer network that is more able to align itself with the electric field, and
at lower frequency may have developed increased interfacial polarisation.
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E-l 1E+1 1E+3 1E+5 1E+7
Frequency (Hz)
Figure 9.17. Low temperature dielectric 
constant spectra of 5% UMC and pristine 
Polypox specimens.
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Figure 9.16. High temperature dielectric 
constant spectra of 5% UMC and pristine 
Polypox specimens.
Eth acure  N anocom posites
Figures 9.18 and 9.19 show temperature dependant dielectric constant properties o f 5%
I.30E and pristine Ethacure specimens at higher and lower temperatures respectively. It is 
apparent that at both high and low temperature the nanocomposite specimens display 
significantly reduced dielectric constant. At low temperatures this decrease is greatest at 
high frequency and becomes similar at low frequency. Whereas, at higher temperature 
and especially above the glass transition the differences become magnified. 
Nanocomposite specimens have reduced dielectric constant at each temperature resulting 
from the nanocomposite curve shifting down the frequency axis, essentially showing the 
same behaviour but at a different frequency due to increased constraint within the 
polymer network.
Frequency (Hz) Frequency (Hz)
Figure 9.18. High temperature dielectric Figure 9.19. Low temperature dielectric
constant spectra of 5% I.30E and pristine constant spectra of 5% I.30E and pristine
Ethacure specimens. Ethacure specimens.
UMC Ethacure specimens (Figures 9.20 and 9.21) display large increases in dielectric 
constant at both high and low frequency at every temperature. UMC results in a polymer 
that is more able to align with the electric field indicating a less well restrained polymer 
network. Increases at low temperature are greater than Polypox UMC specimens but are 
lower at higher temperatures.
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Frequency (Hz) Frequency (Hz)
Figure 9.20. High temperature dielectric Figure 9.21. Low temperature dielectric
constant spectra of 5% UMC and pristine constant spectra of 5% UMC and pristine
Ethacure specimens. Ethacure specimens.
Nanofil 32 Ethacure specimens (Figures 9.22 and 9.23) display increased dielectric 
constant at low to mid frequency that undergoes a rapid change at high frequency to a 
level consistently lower than the pristine polymer. These increases are lower than those o f 
UMC at mid frequency but increase rapidly to a much higher level at low frequency. The 
difference between I.30E and Nanofil 32 specimens is large at low frequency indicating 
some significant changes in polymer constraint, interfacial polarisation processes, degree 
o f polymer-clay bonding, free volume or other factors resulting in changes to polymer 
bonding or organoclay interaction. Differing clay morphology may also have a significant 
impact on some o f these factors. The dramatic increase in dielectric constant at low 
frequency may be related to interfacial polarisation processes occurring between the 
regularly spaced clay platelets. While the decreased dielectric constant at high frequency 
might indicate reduced polymer mobility that becomes obscured by interfacial, or other, 
processes at lower applied frequencies.
Frequency (Hz) Frequency (Hz)
Figure 9.22. High temperature dielectric Figure 9.23. Low temperature dielectric
constant spectra of 5% Nanofil 32 and pristine constant spectra of 5% Nanofil 32 and pristine 
Ethacure specimens. Ethacure specimens.
Exchem  N anocom posites
The temperature dependant dielectric properties o f Exchem specimens are shown in 
Figure 9.24. Nanocomposite and pristine specimens display similar dielectric properties at 
every temperature tested with a slight reduction at high frequency until above the glass
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transition temperature. Organoclay seems to have little effect, even at higher 
temperatures, unlike all other specimens tested. The organoclay has not significantly 
affected the level o f polymer network mobility away from the immediate clay surface and 
there are no negative effects due to increases in interfacial polarisation.
w
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Frequency (Hz)
Figure 9.24. Dielectric constant spectra of 5% 1.30 and pristine 
Exchem specimens at various temperatures.
9.5.4. Discussion and Conclusions of DRS Testing
It was suggested in Section 7B.1.3.4 that differences in polymer, nanocomposite and 
solvent polarity might be responsible for differences in polymer permeability due to 
varying polymer-ingressing agent and nanocomposite-ingressing agent interaction 
strength. However, the dielectric constant o f all polymers and nanocomposites is o f the 
same order so differences in interaction strength between a polymer and water or solvent 
would not be great enough to cause the observed differences.
The effect o f organoclay on polymer dielectric properties seems to be independent o f 
intercalation or exfoliation, while only UMC specimens have shown any consistency. 
Specimens appearing exfoliated by XRD with a good level o f dispersion have resulted in 
increased and decreased dielectric properties in Polypox and Ethacure specimens 
respectively. Whereas, intercalated specimens have resulted in increased and decreased 
dielectric properties at low and high frequency respectively in Nanofil 32 Ethacure 
specimens and unchanged dielectric properties in I.30E Exchem specimens. These results 
suggest that polymer-organoclay interactions are far more important to changing the 
properties o f a polymer than clay morphology alone. It had been assumed that improved 
morphology would occur as a result o f  increasing polymer-organoclay interactions and, 
therefore, good morphology would indicate a good level o f interaction and bonding. 
However, this appears not always to be the case and sufficient compatibility can exist for 
processing and exfoliation that does not necessarily result in a well-bound single-phase 
material. This can result in organoclay that is less well bonded to the polymer or disrupts 
the polymer network and can result in increased polymer chain mobility.
1E+3
1E+1
—  Exchem - 30°C
—  5%I.30E + 50°C 
■ 60° C
• 70°C
• 90°C
• 110°C 
- 130°C
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Ethacure specimens with 1.3OE organoclay are the only specimens that reduce the 
dielectric constant over the entire frequency range. Indicating that in this system an 
improved polymer network has been created with reduced polymer mobility. Two 
possible mechanisms responsible for these changes are surfactant-polymer bonding 
resulting in improved cross-linking, polymer restraint and reduced free volume; and that 
the large immobile clay layers may impose constraint on the surrounding network and act 
as an anchor and reduce polymer chain mobility compared to the bulk. These two 
mechanisms would both result in decreased polymer chain mobility. The ability o f  clay 
platelets to act as an anchor would require sufficient surfactant-polymer bonding to 
constrain the polymer; therefore, both mechanisms are interrelated and effectively both 
derive firom different aspects o f  organoclay.
Nanofil 32 and I.30E Ethacure specimens display similar properties at high frequency 
most likely due to the same mechanisms; however, at low frequency the dielectric 
properties diverge considerably, this is especially evident at higher temperatures. This 
may be caused by interfacial polarisation processes between the regularly spaced and 
aligned Nanofil 32 clay platelets, poorer polymer-clay interaction increasing free volume 
or generation o f micro-voids at the interface. However, none o f  these factors, apart from 
interfacial polarisation, fits with high frequency results as they would result in decreased 
constraint over the entire frequency spectra reducing the dielectric constant, whereas 
interfacial polarisation only occurs at lower frequency.
Polypox I.30E nanocomposites display similar dielectric constant at high frequency but 
diverge at low frequency. The almost identical dielectric constant at high frequency, the 
region in which polymer chain relaxations are not obscured by interfacial processes, 
suggests that no significant changes have occurred in the nanocomposite polymer 
network. Increased dielectric properties at low frequency when tested at high temperature 
might indicate similar mechanisms to that o f Nanofil 32 Ethacure specimens are 
occurring but to a lesser extent. It is also possible that reduced dielectric properties at low 
frequency at 30°C is caused by a mobile interphase being created like in nanosphere 
composite specimens (Section 9.3.2.2); however, this cannot be confirmed.
Exchem organoclay morphology is similar to that o f Nanofil 32 Ethacure specimens so 
the intercalated structure does not in itself produce the large increases seen in Nanofil 32 
specimens at low frequency. The quality o f the polymer-clay interface may have an 
important role in determining not only the amount o f polymer constraint but also i f  any 
interfacial polarisation may occur. A  good interface would result in a well-bound and 
restrained polymer with low free volume and no micro-voids that can prevent or reduce
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charge build-up. While a poor interface may disturb the polymer network and result in 
low levels o f polymer constraint generating a mobile interphase, increased free volume 
and micro-voids that might allow charge build-up around the clay platelets and between 
less compatible phases.
UMC specimens have consistently resulted in increased dielectric constant, the only 
combination o f materials that confonns to the Licktenecker-Rother law o f mixtures over 
the entire frequency range. Clay particles act as impurities and disrupt the surrounding 
polymer reducing the level o f  polymer constraint and increasing polymer segment 
mobility. The poor level o f polymer-UMC interaction may also generate micro-voids 
between the two immiscible phases in which charge can build and lead to increased 
dielectric properties due to interfacial polarisation, especially at low frequency. Due to the 
magnitude o f these changes and the increased glass transition temperature o f UMC 
Ethacure specimens it is likely that more, but not the entirety, o f  this change can be 
attributed to interfacial effects rather than increased polymer mobility.
9.6. D is c u s s io n  a n d  C o n c l u s io n s  o f  t h e  I n f l u e n c e  o f  
O r g a n o c l a y  o n  P o l y m e r  C h a i n  M o b i l i t y
Both methods used for analysing polymer chain mobility reflect changes in the polymer 
network by analysing different properties that can offer some basis for comparison. It was 
suggested that Ethacure nanocomposite dielectric constant reduces as a result o f increased 
polymer cross-linking and polymer constraint. However, when compared to the results o f 
DSC tests, in which all Ethacure specimens irrespective o f filler type resulted in increased 
glass transition temperature, it becomes clear that these two analysis methods provide a 
slightly different indication o f polymer mobility.
The changes observed with both testing methods are inherently interrelated and there 
exists good agreement between DRS and DSC testing in most specimens, while UMC 
specimens appear anomalous to this trend for reasons that have been explained (Section 
9.5.4). The following comparison incorporates high frequency dielectric constant results, 
for the reasons previously discussed, unless otherwise stated.
Nanofil 32 and I.30E Ethacure specimens both display increased glass transition 
temperature and decreased dielectric constant over the entire temperature range tested; 
this is in agreement with conventional theory regarding cross-linking and polymer 
mobility. The magnitudes o f these increases and decreases are also in agreement, with 
Nanofil 32 specimens displaying the greater property changes in both cases. Polypox
1.3OE nanocomposites display decreased glass transition temperature and no significant
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change in dielectric properties at high frequency. The possibility exists that a mobile 
interphase was created that has reduced dielectric properties at low frequency and 
temperature that would also fit with the reduced glass transition temperature, this would 
indicate poorer organoclay-polymer compatibility. UMC Polypox specimens show a 
reduced glass transition temperature and decreased dielectric properties, indicating an 
increasingly mobile polymer, as would be expected. While Exchem specimens show only 
a slight decrease in glass transition temperature but no change in dielectric properties.
It appears that specimens with increased glass transition temperature also have reduced 
dielectric properties; while specimens with reduced glass transition temperature show no 
change or an increase in dielectric properties. This trend is contradicted by UMC 
Ethacure specimens that show increased glass transition temperatures and increased 
dielectric properties. However, UMC specimens are in effect a different type o f  material 
as they are not chemically compatible, resulting in no interfacial bonding, and this clearly 
influences the results o f dielectric tests to a large extent, different processes are occurring 
within this specimen that do not occur in nanocomposite specimens as have already been 
discussed (Section 9.5.4). Therefore, it is not unreasonable to disregard results o f UMC 
specimens due to their unreliable dielectric properties; this would result in agreement for 
all exfoliated and intercalated specimens in terms o f DSC and DRS testing. However, 
UMC Ethacure specimens are still easily altered as shown by their increased glass 
transition temperature and might indicate a polymer in which polymer mobility can easily 
be altered, due to inherent chemistry or high temperature curing o f this system enabling 
adsorption o f epoxy chains onto the surface o f clay platelets.
The changes outlined above cannot be explained by clay morphology as these do not fit 
with experimental results. Ethacure and Polypox 1.3OE specimens have been observed to 
have a similar morphology (Section 4.4) but their properties change in opposing 
directions. Nanofil 32 Ethacure and I.30E Exchem specimens both display regularly 
spaced intercalated nanocomposites but again display contrasting properties. Even UMC 
specimens manufactured with Polypox and Ethacure display contrasting changes in glass 
transition temperature, although changes in dielectric properties are similar due to the 
large increases in dielectric properties consistently found to affect UMC specimens in a 
similar way. Therefore, morphology cannot be used to explain the differences observed 
during DSC and DRS testing.
The changes in polymer constraint observed during DSC and DRS testing can be shown 
to display good correlation to changes in solvent penneability (Section 7b .2). Nanofil 32 
and I.30E Ethacure specimens were found to achieve reductions in the rate o f solvent
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uptake and both have also shown reduced polymer mobility during DSC and DRS testing; 
this agrees with the proposed theory o f reduced polymer mobility slowing down polymer 
relaxations during Case II sorption. However, there is a slight variation in the magnitude 
o f these changes as I.30E achieves far greater reductions in solvent uptake but slightly 
smaller changes during DSC and DRS testing. This variation is most likely due to the 
superior clay morphology o f I.30E but could also be influenced by solvent-organoclay 
compatibility, organoclay-polymer bonding or other factors.
Polypox and Exchem I.30E specimens show no significant change in solvent 
permeability, no change during dielectric testing and a decrease in glass transition 
temperature. Therefore, comparison o f solvent permeability appears to mirror changes in 
dielectric properties but less so those o f glass transition temperatures. This is further 
validated by considering that UMC Ethacure specimens show an increased glass 
transition temperature greater than 1.3OE specimens but no change in solvent 
permeability. The dielectric properties o f  Polypox and Ethacure UMC specimens cannot 
be accurately compared to solvent uptake data due to large variations exhibited in these 
materials. Therefore, with the exception o f UMC specimens, dielectric constant and 
solvent uptake appear to correlate well, with glass transition temperature showing a 
general trend but no firm correlation. This may be due to longer segmental mobility and 
viscoelastic properties influencing dielectric and solvent permeability testing while glass 
transition temperature is more dependant on local segmental mobility. This agreement fits 
well with the proposed theory o f constrained polymer reducing solvent uptake during 
Case II sorption. Solvent uptake appears to depend largely on polymer mobility and is, 
therefore, not a platelet effect but an interphase effect controlled by constrained polymer.
In contrast, mechanical properties appear to be a platelet dominated property because 
changes during DRS testing do not correlate to those observed during mechanical testing. 
Mechanical properties o f all Polypox and Ethacure I.30E specimens are improved 
contradicting DRS testing, mechanical properties are also heavily influenced by 
organoclay morphology and dispersion Therefore, nanocomposite mechanical properties 
are not dominated by changes in polymer constraint in glassy thermosetting polymers but 
by platelet effects and, therefore, depend on clay morphology and organoclay-polymer 
bonding. Although the level o f polymer constraint is slightly improved when in a glassy 
state, the increase in mechanical properties due to this effect will be negligible. However, 
in thermoplastic materials and when glassy materials are tested above their glass 
transition temperature the effect may be pronounced.
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10.1. I n t r o d u c t io n
Theoretical models used to describe mechanical behaviour o f nanocomposite are 
reviewed and compared to experimental data collected during this study. These range 
from a traditional rule o f mixtures approach through to models that account for 
exfoliation, intercalation, particle size, platelet geometry, polymer interphase and other 
aspects o f nanocomposite morphology and behaviour. These models differ from those o f 
continuous fibre-composites that are well understood and accepted due to knowledge o f  
constituent properties and how they interact. The variability o f nanocomposite 
morphology creates random discontinuities in the stress path that can complicate 
theoretical models reducing accuracy.
10.2. E x f o l ia t e d  N a n o c o m p o s it e  m o d e l s
10.2.1. In t r o d u c t io n
What follows is a review o f  current models used to calculate the modulus o f exfoliated 
nanocomposites starting with simple models and moving on to more intricate models that 
account for more o f  the complex properties o f nanocomposites. Relative modulus 
calculated using these models is compared to tensile moduli measured during 
experimental testing o f high shear processed glassy and elastomeric Polypox 
nanocomposites. Although the tensile modulus o f elastomeric Polypox specimens was not 
measured precisely these values will still give a good indication o f how the models 
compare to both highly reinforced elastomeric and less well reinforced glassy 
nanocomposites.
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10.2.2. R u l e  O f M ix tu r es  T h e o r y
The rale o f mixtures approach makes assumptions about clay morphology that are highly 
idealised. Clay layers are aligned perfectly parallel (exfoliated) or transverse 
(intercalated) to the direction o f applied stress. The assumption o f perfect adhesion also 
results in complete stress transfer at the interface.
The Voigt model is used when clay platelets are assumed to be exfoliated and aligned in 
the stress direction (Equation 10.1) and the Reuss model is used when clay platelets are 
arranged in intercalated stacks loaded in the transverse direction (Equation 10.2).
Stress direction (Voigt): 
Transverse direction (Reuss):
E c Em (f),n Ef (j)f
Er
|
Em + Ef
Equ: 10.1 
Equ: 10.2
Where Ec, Em and Ef are the modulus o f the nanocomposite, matrix and organoclay 
respectively, (j)m and (j)f are the volume fractions o f the matrix and organoclay. These 
models are plotted in Figures 10.1a and b for glassy and elastomeric Polypox specimens 
respectively together with experimental results. The modulus o f clay platelets is taken as 
176GPa (Luo & Daniel 2003; Utracki 2004).
It is clear that the Voigt model overestimates the increase in modulus due to the 
assumptions listed above when compared to glassy matrix specimens; while, the Reuss 
model underestimates the increases seen during experimentation. Whereas, elastomeric 
specimens appear closer to the centre between these two models. These two models 
represent extreme situations o f exfoliation and intercalation and it is reasonable to expect 
that experimental results would lie between these boundaries. Neither o f these models 
takes account o f the shape or aspect ratio o f  organoclay and the mix o f both intercalated 
and exfoliated clay that exists in actual specimens.
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Figure 10.1a and b. Voigt and Reuss models of (a) glassy and (b) elastomeric 
Polypox and experimental results (•).
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The difference in relative modulus between clay platelets and glassy and elastomeric 
polymers results in greater relative increases in modulus for elastomeric specimens. The 
ability o f organoclay to reinforce polymers with lower initial modulus has been seen in 
many areas and results in many thermoplastic and elastomeric nanocomposites 
experiencing large property increases. However, elastomeric specimens appear to lie 
closer to the Voigt model than glassy specimens when in theory, assuming the same 
morphology and adhesion in both specimens, the position o f experimental results between 
the two extremes should be similar in both polymer types. It seems that elastomeric 
specimens are achieving reinforcement closer to that o f ideal exfoliation without an 
improved morphology, this may be due to changes in the polymer interphase that are 
influencing mechanical properties more in the elastomeric material.
10.2.3. H a lp in -T sa i M o d e l
The Halpin-Tsai model (Utraki 2004) (Equation 10.3) accounts for platelet aspect ratio 
(p) and can be used to simulate aligned platelets in the stress and transverse directions. I f  
the true aspect ratio o f organoclay is used then this theory models a perfectly exfoliated 
nanocomposite aligned in the stress direction. I f  the aspect ratio is set to 1 then this 
simulates an intercalated nanocomposite with all platelets aligned in the transverse 
direction. However, neither o f these arrangements will be achieved in reality and a 
realistic value will lie somewhere between the two with some platelets aligned in each
Using this model glassy Polypox specimens (Figure 10.2a) appear closer to the theoretical 
intercalated state than using the more simplistic Reuss model. While elastomeric 
specimens again show large increases that are closer to the theoretical exfoliated state 
(Figure 10.2b).
direction,
Equ: 10.3
where: Equ: 10.4
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Figure 10.2a and b. Halpin-Tsai models with platelets aligned parallel (p=200) and transverse 
(p= 1) to the stress direction in (a) glassy and (b) elastomeric Polypox and experimental results (•).
10.2.4. M o d if ie d  H a l p in -T s a i M o d e l
A  modified version o f the Halpin-Tsai model has been developed during this study using 
some assumption relating to platelet alignment and levels o f exfoliation. This can be used 
to predict the modulus o f nanocomposites with varying degrees o f exfoliation in 
specimens with randomly orientated platelets.
The assumption that clay platelets are perfectly aligned vastly over estimates the 
theoretical improvements o f nanocomposites. When specimens are produced using 
extruding devices the degree o f alignment can be controlled but would still not be 100%. 
During standard mixing methods, such as grinding, ultrasonics or dissolver processing, 
clay platelets do not become aligned. It can be assumed that over a large sample area the 
orientation o f clay platelets will be random. Therefore, when clay orientation is resolved 
in the stress and transverse directions the average number o f platelets orientated in each 
direction will be one half the total. This random alignment has a great effect on the 
relative modulus that will be achieved as it effectively reduces the exfoliated clay 
concentration by one half, with the other half being intercalated.
An additional assumption may be used regarding the relative quantities o f intercalated 
and exfoliated clay to predict relative moduli between these extreme cases. By assuming 
varying levels o f exfoliation and calculating the relative moduli increases due to 
exfoliated and intercalated clay the total reinforcement may be calculated by summing the 
relative reinforcement from these two components. These assmnptions have been used to 
generate a new modified theoiy o f nanocomposite reinforcement that uses a modified 
Halpin-Tsai theory (Equation 10.5) to predict nanocomposite behaviour. Subscripts ‘exf 
and ' in f  refer to the same properties as in the Halpin-Tsai model but for exfoliated and 
intercalated fractions o f organoclay respectively. This modified approach has been used 
to produce Figures 10.3a and b in which varying levels o f exfoliation from 100 to 10%
a
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have been assumed with corresponding intercalation of 0-90%.
Ec = E m (* +  ^ P e x f Ice x f <P e x f ) [ ( l + 2 p in tK in t<f)|nt)  ^
(l — Kexf(/)exf ) ( l “ * ^ int0int)
Where: (j)exf =
(plnt =
<fv
<(>/ X +[</)/(!-X)]
X = Ratio of exfoliated clay 
= Total clay volume fraction 
e^xf- Volume fraction of aligned exfoliated clay 
<j)wt/ = Volume fraction of intercalated and 
transverse exfoliated clay
Equ: 10.5
Equ: 10.6
Equ: 10.7
For example, at 40% exfoliation 60% o f clay platelets are assumed to be contained in 
intercalated clusters and contribute as though they were aligned in the transverse direction 
(Equation 10.7). Although 50% will actually be aligned in the stress direction they will be 
unable to reinforce the matrix while inside a clay stack and are assumed to act as though 
aligned in the transverse direction. In addition, o f the 40% exfoliated clay platelets only 
half are assumed to be aligned in the stress direction (Equation 10.6) while the other half 
are assumed to be exfoliated but aligned in the transverse direction.
Figure 10.3a shows glassy Polypox nanocomposites appear between the intercalated and 
10% exfoliated lines using the modified Halpin-Tsai model. It would be difficult to judge 
how close to this theoretical level o f  exfoliation the experimental specimens have 
reached; however, this would assume that almost the entire majority o f organoclay is 
present in intercalated clusters.
Figure 10.3a. Figure 10.3b.
Figure 10.3a and b. Modified Halpin-Tsai models at varying assumed levels o f random 
exfoliation in (a) glassy and (b) elastomeric Polypox and experimental results (•).
Whereas, elastomeric specimens appear between the 40 and 60% exfoliated line using the 
same model (Figure 10.3b). It is unlikely that using 50% o f stoichiometric curing agent 
would result in such a vast improvement in organoclay morphology, even though it would 
allow far more time for exfoliation to occur. Therefore, it is likely that the morphology in 
both glassy and elastomeric specimens is similar and the differences in assumed
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exfoliation level and position between idealised exfoliation and intercalation are due to 
other factors. It is possible that areas o f constrained polymer may be reinforcing the 
polymer network in elastomeric specimens. Due to the low density o f cross-linking and 
higher levels o f polymer mobility these elastomeric specimens may be reinforced by this 
mechanism that has not been detected for glassy Polypox nanocomposites (Section 9.5).
This model still assumes perfect matrix-organoclay adhesion, takes no account o f the 
interphase or the alignment o f clay layers inside a clay stack other than transverse 
orientation. However, this proposed modified theory and assumptions regarding 
nanocomposite exfoliation and platelet orientation provide greater accuracy and 
comparability when predicting nanocomposite modulus in randomly aligned specimens 
with varying levels o f exfoliation and intercalation.
10.2.5. H u i-Sh ia  M o d e l
Hui & Shia (1998; Shia et al. 1998) developed a theory for exfoliated nanocomposites 
assuming that the Poisson’s ratio o f the matrix and filler is identical and there is perfect 
adhesion between the two constituents (Equation 10.8). When fitted to experimental 
results obtained for thermoplastic materials the difference between experimental and 
theoretical results was assumed to arise due to imperfect bonding between the filler and 
matrix.
-l
Ec 1 - t L
4
I  3
.£ + £ + A.
Equ: 10.8
where: 4 = <j>f  + — -—  + 3(l -  $f  ) (* (g+ /2) Equ: 10.9
Er - 1 1 -  p 2
(l _  (f) f  )—(L+ ° '25^_2_)g -  2 Equ: 10.10A =
P 2
g -  -F— Equ: 10.11
2 p
The original equations for the Hui-Shia model (Equations 10.8-10.11) can be adapted in 
the same way as the Halpin-Tsai model to account for random orientation o f clay platelets 
and varying levels o f exfoliation by adding components arising from exfoliated and 
intercalated organoclay. However, the component o f increased modulus arising from 
intercalated clay and transverse orientated exfoliated clay layers is so small that it does 
not affect the model.
Figures 10.4a and b show the relative moduli improvements generated by the Hui-Shia 
model when varying levels o f exfoliation are assumed and platelets are randomly
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orientated throughout the matrix and not perfectly aligned. It can be seen that the glassy 
Polypox specimens appear around 20% exfoliation while elastomeric specimens appear 
over 100%. This model has clearly overestimated the increases o f elastomeric 
nanocomposites and does not adequately account for intercalated clay as it does not 
reinforce the matrix at all when using this model.
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Figure 10.4a and b. Hui-Shia models of specimens at varying assumed levels of 
exfoliation in (a) glassy and (b) elastomeric Polypox and experimental results (•).
10.2.6. T h r e e  P h a s e M o d e l
Ji et al. (2002) derived a three phase model that established regions o f matrix, interphase 
and randomly dispersed organoclay. The properties o f a true nanocomposite are 
dominated by the interphase where polymer is bonded to high aspect ratio fillers. 
Nanoscale fillers have huge surface areas that result in a large volume o f matrix material 
becoming part o f this interfacial region. It is this interphase region that controls many 
properties o f a nanocomposite due to constrained polymer chains.
C
B
Figure 10.5. Schematic of the three phase model, after Ji et al. (2002).
Three phases, V,„, V,- and Vf, representing volume fractions o f matrix, inteiphase and 
organoclay exist within this model, with respective moduli Em Ei and Ef. The model is 
made up o f three regions A, B and C that comprise o f the matrix, the matrix and 
interphase and all three phases respectively. These areas are modelled as though 
connected in series and parallel as shown in Figure 10.5.
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This model assumes that filler length is far larger than thickness (h) and does not include 
a term for clay aspect ratio. It assumes a linear decrease in interphase modulus from the 
clay surface and that clay platelets are randomly dispersed and not aligned in the stress or 
transverse direction like many o f the previous models before modification.
An abbreviated version, formed by removing a frequently occurring term, o f the Ji model 
is shown below (Equation 10.12).
, / I f1 l-y/
Er E„
+
( T J T T E K + (1 _ ¥ )Em + ^  j w  + ^ Ef
Equ: 10.12
where: V = 21 i 1+1
<f>f Equ: 10.13
The model has two adjustable parameters that must be estimated or gained from fitting 
with experimental data. A  term that defines the distance the inteiphase extends from the 
clay surface (r), and a term that defines the interphase modulus in comparison to matrix 
stiffness (v) adjacent to the filler surface that decreases linearly over the interphase width. 
I f  v=0 or v=l in any calculation the inteiphase region will not exist or will have the same 
modulus as the matrix causing the three phase model to revert to a two phase model.
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Figure 10.6a and b. Influence of rvalue on the relative tensile modulus of (a) 
glassy and (b) elastomeric Polypox in the Ji model when v=2.
The distance to which the inteiphase extends will be partially controlled by the length o f 
the surfactant chain. When compatible organoclay-matrix combinations the interphase 
region should extend at least over the distance where polymer chains can directly interact 
with the surfactant. Therefore, a lower bound assumption would be r=3nm, the length o f 
an octadecyl surfactant chain. However, in a well formed nanocomposite where clay 
layers are completely dispersed the inteiphase region may extend many times further, in a 
nanocomposite with poor compatibility the interphase region may be smaller or not exist
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at all. The influence that interphase width has on the relative tensile modulus in the Ji 
model is shown in Figures 10.6a and b for glassy and elastomeric polymers respectively.
The effect o f interphase width is non-linear with respect to organoclay loading, especially 
when thicker interphase widths are assumed. There is little difference between the relative 
modulus o f glassy and elastomeric specimens. This is surprising due to the far higher 
relative filler-elastomeric modulus that usually results in far greater relative moduli 
predictions than in glassy specimens. This is presumably due to the strong influence o f 
interphase properties, which have been set as v=2 so are relative to the matrix in each 
case, in this model instead o f the organoclay-polymer relative modulus. However, small 
changes in the interphase thickness can alter the predicted relative modulus to a large 
extent. It is likely that the interphase width is greater in elastomeric specimens due to a 
greater organoclay-matrix relative modulus resulting in changes to the polymer network 
extending further into the bulk.
The influence o f interphase modulus also has a significant impact on the model as shown 
in Figures 10.7a and b for glassy and elastomeric Polypox specimens respectively. The 
interphase modulus o f both specimens appears to increase both types o f polymer by a 
similar amount even though their original modulus is vastly different. This is again due to 
the dominance that interphase modulus has in this model, as this is a predetermined term 
relative to the matrix the interphase properties increase by similar relative amounts in 
both situations. It would be expected that the interphase modulus o f elastomeric 
specimens would increase far more than glassy specimens due to the low original value 
resulting in greater relative reinforcement.
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Figure 10.7a and b. Influence of v value on the relative tensile modulus of (a) 
glassy and (b) elastomeric Polypox in the Ji model when t=3.
Due to the controlling influence o f  these two factors in order to use this model accurately 
it must be fitted to experimental results to attain accurate values for these two constants.
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A  range o f values will exist that comes close to these values and it is likely that both 
parameters will vary in glassy and elastomeric specimens, as discussed above. Therefore, 
assuming one constant for both and then finding a solution to the second parameter for 
both polymers will not be accurate.
Glassy polymer specimens are not well described by this model and require low values 
for both parameters to attain a fit. When z= 1 the relative interphase modulus (v) required 
is around 1. Therefore, the model reverts to a two phase model and none o f the interphase 
properties are included in the calculation.
Elastomeric specimens require an interphase thickness ( t) between 12 and 30 with 
corresponding inteiphase moduli (v) o f between 32 and 2. This is a large range o f values 
for interphase modulus but all values o f interphase thickness required are well above the 
surfactant length. It is perhaps more reasonable to expect a larger interphase width and 
lower interphase modulus than the large increase in inteiphase modulus that is required 
for the opposing situation; however, this cannot be determined.
This model does not provide a solution for both glassy and elastomeric specimens and the 
wide range o f parameters means that attaining an accurate fit is difficult. The influence o f 
the controlling inteiphase parameters makes the Ji model rather limited because every 
nanocomposite formulation will be slightly different and result in different values for 
these constants. This model, although taking account o f most o f  the aspects o f 
nanocomposites, does still not represent a unified theory to predict nanocomposite 
behaviour without comparison to and fitting with experimental data.
10.3. I n t e r c a l a t e d  N a n o c o m p o s it e  M o d e l
10.3.1. In t r o d u c t i o n
Theoretical modelling o f an intercalated nano composite generates some o f the same and 
some additional problems as exfoliated specimens. Assumptions must be made regarding 
the size o f clay stacks and clay layer separation within stacks. Assumptions made as to 
the orientation o f these clay stacks are discussed in Section 10.2.4 and the level o f 
adhesion between the platelet and matrix is assumed to be 100%.
10.3.2. B r u n e -Bi c e r a n o  M o d e l
A  model derived to account for intercalated clay stacks was developed by Brune & 
Bicerano (2002). It assumes that clay stacks are composed o f  a certain number o f clay 
layers and are separated by a specific interlayer distance. This model uses the same 
equation to calculate the modulus as the Halpin-Tsai model but derives different values 
for the clay aspect ratio ( p j ,  organoclay loading (</>/) and relative modulus (Erj  that
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account for the intercalated state o f organoclay. These modifications are shown below.
p' =
[l + ( l - l / N M  h)]
1+ 1 - T -N k h
. g,+(i-i/jQ(<*/*)
r l + ( l - l/N)(dfh)
Equ: 10.14
Equ: 10.15
Equ: 10.16
Where *N* is the number o f platelets, o f  thickness *h\ in a stack with interlayer distance 
id\ The effect o f interlayer spacing and intercalated stack size, the unknown variables, on 
relative modulus can be seen in Figure 10.8. As the clay platelet separation increases from
1.5 to 4.5nm the relative modulus increases, as would be expected from general 
nanocomposite theory by influencing greater volumes o f polymer. However, intercalated 
distance only has a significant effect when large stacks are present; the effect is far less 
significant as the stack size decreases. As stack size decreases the volume o f intergallery 
polymer decreases compared to the volume o f polymer at the edge o f a stack exposed to 
only one surface, thus increasing the overall volume exposed to a clay layer. This 
reduction continues until a stack size o f 1 (exfoliation) is reached when the clay layer 
separation o f a stack becomes irrelevant.
Figure 10.8. Influence of stack size on the relative tensile modulus of an intercalated glassy 
nanocomposite in the Brune-Bicerano model for various clay layer separations.
The Brune-Bicerano model has been used to produce Figures 10.9a and b which 
compares the theoretical model applied to glassy and elastomeric polymers with 
experimental results. Figure 10.9a shows that in glassy specimens the model predicts 
intercalated stack sizes o f around 80-160 platelets. Whereas, in elastomeric specimens 
this decreases to between 2 and 4 platelets per intercalated stack (Figure 10.9b). This 
represents a large variation in specimens with almost identical organoclay morphology 
and indicates the model does not accurately predict mechanical properties with both types 
o f  polymer. In this case it is likely that the influence o f organoclay in elastomeric 
specimens vastly increases the mechanical properties beyond that which the model
283
Chapter 10: Theoretical Modelling ofNanocomposites
*-'uL Ai
predicts. Evidence from TEM shows that some large intercalated stacks, although 
separated beyond that detectable by XRD, are present which indicates that this model 
may be more accurate in glassy specimens which are closely represented by a two phase 
model due to high initial matrix properties reducing interphase effects. Whereas, 
elastomeric specimens require a more complex three phase model to account for 
interphase dominated properties.
Clay Content (wt%) 
Figure 10.9a. Figure 10.9b.
Figure 10.9a and b. Brune-Bicerano models o f intercalated nanocomposites with 
varying clay stack sizes with clay layer separation of 4.5nm compared to (a) glassy 
and (b) elastomeric Polypox and experimental results (•).
10.4. D is c u s s io n  a n d  C o n c l u s io n s  o f  T h e o r e t ic a l  M o d e l s
None o f the models used can be applied to every situation when different resins and 
organoclays are used that form different structures or materials that interact to a different 
level. The complexities that exist on the nanoscale and effects that arise due to differences 
in original resin properties cannot currently be compounded into a unified theory. A ll 
theories calculate some form o f relative modulus by which organoclay is predicted to 
increase the modulus o f the polymer. However, as has been seen during experimentation 
the increases are dependant upon original material properties with relative modulus 
increasing by many times the original material in elastomeric and thermoplastic materials 
and to a far lesser extent in glassy thermosets. Many theories that exist assume perfect 
exfoliation, alignment and adhesion resulting in perfect stress transfer at the platelet-resin 
interface; this is clearly not the case in the majority o f specimens.
Glassy specimens are represented more closely by a two-phase intercalated model due to 
high initial matrix properties reducing interphase effects. Whereas, elastomeric specimens 
require a more complex three-phase exfoliated model to account for interphase dominated 
properties even though the clay morphology in both types o f specimen was similar.
I f  the use o f polymer nanocomposites were to become commonplace then accurate 
theoretical prediction o f their properties would be advantageous. This would allow for the
SSS&QQS&SESSEZaSS&ES
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design o f fibre-nanocomposites in a similar way to the design o f current composite 
materials. This would involve an additional stage in which computation o f  nanocomposite 
matrix properties would be performed; these properties would subsequently be used 
instead o f the base matrix properties in the design o f a composite. Fibre-nanocomposite 
property alterations arising from the change in fibre-matrix ISS (Section 6.4) would be 
harder to account for as they can lead to increases and decreases in both modulus and 
ultimate strength. I f  reliable theoretical models cannot be formulated then the 
manufacture and testing o f all matrix materials containing organoclay would have to be 
performed to ascertain the mechanical properties before the design o f a fibre- 
nanocomposite component. Although this would only have to be performed once for 
every formulation the sensitivity o f nanocomposite morphology to material chemistry and 
processing criteria would result in any change in materials, processing or cure cycle 
requiring a re-evaluation o f fibre-nanocomposite properties.
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C h a p t e r  1 1 :
G e n e r a l  D i s c u s s i o n , C o n c l u s i o n s  a n d
F u t u r e  W o r k
11.1. G e n e r a l  D is c u s s io n  a n d  C o n c l u s io n s  
l l . l . l  In t r o d u c t io n
A  significant amount o f information has been established regarding the processing, 
morphology, properties and characteristics o f  epoxy nanocomposites during this 
investigation. Discussion o f results has been conducted where relevant in the individual 
chapters and has detailed many o f the observations and conclusions gathered from testing. 
In this chapter a summary and more detailed conclusions regarding several key areas are 
discussed. These include organoclay morphology, permeability and durability, 
mechanical properties and properties controlled by polymer chain mobility.
11.1.2. N a n o c o m p o s i t e  M o r p h o l o g y
11.1.2.1. Su m m a r y  o f N a n o c o m p o s i t e M o r p h o l o g y
Similar types o f base resin have been used in this investigation and the only influential 
factor has been viscosity. The type o f  DGEBA or DGEBF resin did not dictate whether 
exfoliation would be achieved with a specific combination o f materials. Lower viscosity 
allows faster pre-intercalation and limits extra-gallery viscosity, reducing one force that 
can limit exfoliation via a chemical mechanism.
The curing agent-organoclay combination has the greatest influence over whether 
exfoliation can be achieved by a chemical mechanism. Curing agent type determines the 
temperature at which curing must be conducted due to varying reactivity. Less reactive 
curing agents require higher temperatures that reduce viscosity and make exfoliation more 
likely. High temperature also allows greater control over the curing cycle as temperature
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can be modified to control viscosity and lengthen or shorten the time before vetrification 
during which exfoliation can occur. Some types o f curing agent appear to be accelerated 
by the acidity o f primary surfactant organoclays to a greater extent and are thus more 
likely to become exfoliated. This sensitivity to curing agent acceleration is the overriding 
factor in whether an epoxy polymer-organoclay combination will achieve a chemical 
exfoliation mechanism and is crucial when no mechanical exfoliation process is provided. 
A  chemical mechanism was not observed for all quaternary surfactants, due to the lack o f 
Bronsted acidity o f quaternary amines, or dicyandiamide and imidazole accelerators with 
any type o f organoclay, thus only intercalated nanocomposites were formed with these 
combinations o f materials.
A  mechanical exfoliation mechanism can be achieved during processing given sufficient 
shear force. This can be accomplished with combinations o f materials that are sufficiently 
compatible to attain intercalation during non-high shear processing; most combinations o f 
commercial organoclay and epoxy-amine curing agents seem to be sufficiently 
compatible for this to be attained. This type o f processing has be used by other 
researchers, although not during this investigation, when an otherwise intercalated 
structure would be formed to create materials with a reasonable level o f  exfoliation even 
though no chemical exfoliation mechanism is generated. This being a similar process to 
that in thermoplastic materials in which no chemical exfoliation mechanism is developed. 
This type o f processing can be used to create well exfoliated materials when used with a 
curing agent-organoclay combination that will generate a chemical exfoliation mechanism 
and thus benefit from both mechanical and chemical processes.
Processing methods such as impingement mixing, three roll mills and extended ultrasonic 
processing have all been used to generate mechanical exfoliation. No such methods were 
utilised for the manufacture o f materials during his study and thus a mechanical 
exfoliation mechanism was not established. However, the use o f a grinding media mill 
was found to reduce primary particle size considerably to generate nanocomposites with a 
far greater level o f macroscale dispersion. By increasing the number o f small tactoids 
overall exfoliation was improved as a greater number o f clay platelets could be exfoliated 
from clay tactoids during cure via a chemical mechanism. This led to improved 
mechanical properties due to fewer stress concentrations being formed and improving 
material properties influenced by the volume o f constrained polymer surrounding clay 
platelets.
Two main types o f organoclay morphology have been created during this study. Ethacure 
and Polypox specimens manufactured with primary surfactant organoclays after high
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shear processing displayed well separated clay layers in small clay clusters and tactoids, 
while all other combinations o f materials retained intercalated structures within clay 
clusters and tactoids. These structures differ from those o f idealised exfoliation and 
intercalation as often seen during epoxy-nanocomposite research. When used alone the 
terms exfoliation and intercalation, except in the rare examples where these idealised 
structures actually exist, do not provide sufficient information to accurately characterise 
the macro and nanoscale morphology o f  a nanocomposite. It is common for specimens to 
he characterised as exfoliated when no peaks in XRD spectra are observed; however, this 
offers no insight into macroscale dispersion or clay layer spacing and morphology. This 
can give a false impression o f  nanocomposite morphology when only XRD analysis is 
conducted; therefore, TEM should always be utilised to fully characterise a specimen. 
During this study the term exfoliation has been used to indicate an average clay layer 
separation beyond that o f intercalation. However, this vastly differs from idealised 
exfoliation which has not been attained during this investigation and is rarely seen in 
epoxy nanocomposites. In the instances it has been seen, both mechanical and chemical 
mechanisms are usually responsible; or organoclay has been manufactured with curing 
agent chains (or other reactive species) grafted onto clay layers, generating highly 
compatible materials that undergo tactoid break down under lower shear processing and 
large curing agent accelerations generating extensive chemical exfoliation during cure.
However, it has been observed that when extremely fine dispersions are achieved the 
exfoliation o f individual clay platelets is not necessary to provide significantly improved 
properties. Although this would obviously further improve properties, a fine dispersion o f 
clay tactoids can often have a greater influence, this is also harder to achieve than 
exfoliation. Exfoliation o f clay platelets can be achieved with an adequate combination o f 
materials, processing and curing schedule; whereas, a high degree o f dispersion requires 
high shear processing or specially grafted curing agent surfactants.
11.1.2.2. In f l u e n c e o f M o r p h o l o g y  o n  C ivil E ngineering C omposites
The implementation o f organoclay to civil engineering matrix polymers will depend 
heavily on the ability to manufacture materials with adequate clay dispersion and 
morphology. This will vary in different types o f matrix materials, how they are 
manufactured, processed and in which form o f product or application they are used. In 
general, properties o f  nanocomposites improve as organoclay morphology progresses 
toward that o f idealised exfoliation. However, it must be ensured that sufficient dispersion 
is achieved so that detrimental properties are not recorded due to stress concentrations 
around large clay tactoids. This should be a primary consideration which the level o f 
exfoliation can then be built upon. This can be provided by limiting organoclay
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concentration to around 3% and by using high shear processing devices that generate a 
uniform material composed o f small clay clusters. I f  organoclay were dispersed to these 
levels then many o f the predicted property advantages would develop even i f  a chemical 
exfoliation mechanism did not develop. This kind o f processing equipment is not 
generally used in the manufacture o f thermosetting resins and a separate step would have 
to be employed to ensure it is achieved sufficiently.
Therefore, it must be ensured that a fine organoclay dispersion is achieved in all 
applications, whether adequate materials and curing is provided to attain a chemical 
exfoliation mechanism should be a secondary consideration because many property 
advantages are observed at this level o f dispersion in intercalated specimens. When 
materials are cured in a controlled environment, during manufacture o f pultrusions for 
example, a chemical exfoliation mechanism could be controlled and these materials might 
benefit from this process. However, when materials are cured on site or used as a prepreg 
the high viscosity and uncontrolled curing conditions would probably interfere with a 
chemical exfoliation mechanism. Therefore, to ensure that exfoliation is achieved it 
would be advisable to employ a mechanical exfoliation mechanism during processing; 
therefore, not relying on the correct combination o f materials and curing conditions to 
generate the required curing acceleration for chemical exfoliation. Although full chemical 
exfoliation would be beneficial it could not be guaranteed and might not always occur; 
therefore, a more reliable mechanical process would ensure an acceptable level o f 
dispersion and provide limited exfoliation.
By ensuring that organoclay is finely dispersed on both macro and nanoscale levels before 
curing would be a feasible way to guarantee exfoliation. Therefore, even i f  no curing 
acceleration is generated a similar level o f exfoliation would be achieved. This would 
allow pultrusions, prepregs and lay-ups to contain well exfoliated organoclay. However, 
this method would depend on an excellent level o f processing to mechanically exfoliate 
organoclay. This is often hard to accomplish during small scale laboratory testing and 
would be even harder during large scale industrial manufacture. Processes used in the 
laboratory such as extended ultrasonics would probably not be economically viable, 
impingement mixing, three roll mills or extruder type devices would have to be used to 
mechanically process these materials at a relatively rapid rate for industrial production.
An alternative method to ensure exfoliation before curing would be to use organoclay 
with curing agent grafted onto clay platelets. This ensures extremely high compatibility 
with the resin as the surfactant becomes part o f the cross-linked network and enables clay 
layers to be exfoliated with lower shear processing. After processing, organoclay with
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curing agent surfactants would have resin monomers attached to the surfactants and 
should be well distributed throughout the material. The curing agent used for a specific 
material could then be added as normal to manufacture a composite material; whether this 
is a pultrusion, prepreg or lay-up technique an acceptable level o f exfoliation should 
already exist and may be improved by chemical exfoliation in situations where these 
processes are able to occur.
These methods may allow exfoliated organoclay to be incorporated in civil engineering 
composite materials but they may not be economically and practically feasible. I f  
processing these materials becomes more expensive than the cost saving provided through 
their beneficial properties they would not be economically viable. For example, the extra 
cost required to exfoliate organoclay would have to be less than the cost o f providing an 
external barrier coat or even employing a component o f increased dimension to offset the 
reduced durability. This would clearly depend on the ability to adequately incorporate 
organoclay in an economic manner, a process that is often found to require increased 
residence time and temperature for thermoplastics in extruders, multiple passes through a 
three-roll mill or up to 12 hour ultrasonic processing.
It is perhaps more likely that an economically viable method o f organoclay incorporation 
would be curing agent grafting onto clay platelets. Commercially available organoclays 
contain organophilic surfactants composed o f long chain hydrocarbons; however, none 
are produced with these more experimental reactive types o f  surfactant that can form 
strong permanent cross-links with epoxy networks. This process would probably not be 
significantly more expensive and would provide a route to organoclay exfoliation in civil 
engineering composite materials, but is not currently available.
However, production o f exfoliated organoclay is only one aspect o f manufacturing 
nanocomposites with improved properties. It has been seen that some polymer systems 
interact with organoclay sufficiently to generate areas o f constrained polymer that can 
improve thermal, barrier and possibly mechanical properties. While poor compatibility 
exists in other specimens, although often with similar levels o f exfoliation, that do not 
develop such constrained polymer and lead to increased rate and equilibrium water 
uptake. Some types o f organoclay interact with water resulting in increased penetrant 
uptake in well exfoliated systems; this should also be avoided by selecting highly 
hydrophobic and high SCEC organoclays that engage in no such interaction. When 
considering a combination o f materials simple tests should be conducted to determine 
which specific combination generates the required levels o f compatibility to prevent 
negative properties from being developed.
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Therefore, exfoliation o f organoclay in civil engineering composites could be achieved 
but a high level o f macroscale dispersion would be necessary to avoid detrimental 
properties. A  chemical exfoliation mechanism cannot be relied upon so mechanical 
exfoliation would have to be conducted during manufacture that could then be used in all 
forms o f product. Addition o f organoclay during manufacture o f onsite lay-ups, for 
example, would not develop well dispersed or exfoliated specimens using currently 
available organoclays. These findings highlight the processing and morphological 
requirements o f nanocomposites in civil engineering as described in the third aim o f this 
study.
11.1.3. N a n o c o m p o s it e  M e c h a n ic a l  Pr o pe r t ie s
11.1.3.1. Su m m a r y  of N an o c o m po sit e  M e c h a n ic a l  Properties
Significantly increased mechanical properties in unreinforced thermoplastic materials 
have led to commercially viable products being manufactured. The lack o f cross-linking 
in these materials allows significant improvements to be generated when organoclay is 
added. Mechanical property improvements are less impressive in unreinforced glassy 
epoxy polymers but stiffness during all types o f  testing was found to increase. Improved 
stiffness is dependant upon macro and nanoscale morphology while the ultimate stress is 
dependant upon macroscale dispersion. Therefore, a good level o f  macroscale dispersion 
is required so specimens are free from stress concentrations and can develop full 
plasticity. These property increases become less significant in fibre reinforced composites 
in which mechanical properties are considerably more dependant upon those o f the fibre. 
However, property increases have been observed to be greater than those predicted when 
the rule o f mixtures is considered, this is thought to occur due to improved interphase 
properties. A  wide range o f property increases have been observed by various researchers; 
however, it is likely that well balanced pristine composites would undergo less significant 
property increases due to near optimum properties in the original material. When 
interphase properties are increased beyond an optimum level, generating greater ISS than 
matrix shear strength, specimen ultimate properties are reduced due to matrix cracking 
and stress concentrations at fibre breaks that lead to premature failure.
11.1.3.2. Influ en c e  of M e c h a n ic a l  Properties on  C iv il  En g in e e r in g  
C om posites
Increased mechanical properties o f  unreinforced polymers represent no advantage in the 
civil engineering industry because these materials are rarely applied without fibres. In 
situations where this occurs, such as adhesives, some advantages might be achieved. 
Small increases in stiffness, and sometimes ultimate stress, achieved in fibre- 
nanocomposites are not sufficient to warrant the use o f organoclay on the basis o f
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improving fibre dominated mechanical properties. Provision o f an additional lamination 
or increased component dimension would be preferable to the high processing cost and 
unpredictability o f property improvements observed in this area. In addition, the 
possibility o f producing a composite with reduced fracture toughness would have to be 
considered. Increased ILSS might provide greater potential for application o f organoclay 
but failures by this mechanism are rare and are not usually a controlling factor during 
design. Organoclay is able to improve properties more significantly when unidirectional 
specimens are loaded closer towards perpendicular to the fibre. However, when 
significant load is applied in this plane correct design o f the composite ensures adequate 
fibre alignment to prevent failure. In addition, even when load is not anticipated to be 
applied in a transverse plane, for example during flexural reinforcement, it is common 
practice to provide a small percentage o f  fibre perpendicular to the direction o f 
reinforcement to carry load applied during installation and to help prevent failure in the 
event o f accidental loading. These conclusions regarding the mechanical properties o f 
nanocomposites fulfil part o f  the second aim o f this study.
11.1.4. N a n o c o m p o s i t e  P e r m e a b i l i t y a n d  D urability
11.1.4.1. Su m m a r y  o f N a n o c o m p o s i t e Permeability a n d  D urability
The permeability o f nanocomposites was not found to decrease with the level o f 
organoclay dispersion and exfoliation produced when sorption was controlled by Fickian 
diffusion. Therefore, water sorption and water vapour transmission were not found to be 
effected as the level o f  organoclay dispersion was insufficient to create a tortuous path for 
ingressing penetrants. It was found that permeability reductions became greater as 
penetrant uptake deviated from Fickian and moved towards that o f Case II uptake. 
Therefore, permeability o f high activity penetrants that are absorbed in large volumes, so 
that diffusion is controlled by polymer relaxations at an abrupt diffusion front moving 
with constant velocity, can be reduced upon addition o f organoclay. However, this was 
only found to occur in certain systems and is associated with organoclay slowing down 
polymer chain relaxations.
This type o f behaviour has been observed during previous work but has often been 
attributed to increased diffusion pathways; this is not necessarily the case and has caused 
some mischaracterisation o f permeability reductions in epoxy nanocomposites. 
Experimentation during this investigation has shown that nanocomposite penneability 
reductions o f solvent and water can be controlled by different mechanisms; a temperature 
range was used to investigate solvent uptake in which the penneability reductions o f 
nanocomposites reduced as sorption became increasingly controlled by Fickian diffusion.
292
Chapter 11: Conclusions and Future Work
Therefore, reduced permeability to solvents displaying Case II or anomalous uptake do 
not necessarily signify that uptake during Fickian controlled diffusion would also be 
reduced.
Significant reductions in water permeability o f  epoxy nanocomposites have only been 
observed in a limited number o f cases, these have usually be processed by high shear 
methods as described during discussion o f organoclay morphology above. In these cases 
the maximum reduction in rate and equilibrium uptake are often not significant. 
Especially given the negligible impact o f relatively large differences in pure polymer 
permeability when incorporated in a composite; no significant changes were observed for 
nanocomposite durability o f any kind even though a range o f rate and equilibrium uptake 
were observed in pure polymer specimens. However, UMC was observed to significantly 
increase composite degradation and should not be used to fill composite materials 
exposed to high levels o f moisture. The apparent maximum reduction in durability 
displayed by composites exposed to water was probably due to equilibrium being reached 
for the mechanisms o f degradation in the polymer and fibre-matrix interphase. Water 
severely impaired the interface and caused significant reductions in UTS; however, it is 
likely that the fibre cross-section was not significantly reduced as occurs when exposed to 
alkali. Therefore, these reductions would probably have continued and no maximum 
degradation level would have been shown i f  alkali had been used.
11.1.4.2. In f l u e n c e o f Permeability a n d  D urability o n  C ivil 
E ngineering C omposites
The reductions in permeability achieved during this investigation are not applicable in the 
civil engineering industry; reduced solvent permeability does not represent a beneficial 
property for a matrix polymer. Reductions in permeability to moisture have not been 
achieved and no increased durability has been recorded; however, organoclay would 
represent an advantage to civil engineering matrix polymers i f  it could be incorporated 
with sufficiently good dispersion and morphology at a cost that does not make these 
materials economically unacceptable, these factors are discussed above. However, few 
cases have been reported that achieve significant reductions and these cases often use 
processing methods which are not compatible with normal processing methods. These 
factors are also discussed above and suggest that advancements in processing or 
organoclay would have to be made so that sufficient morphology could be created at 
modest expense. These findings regarding permeability and durability o f composites 
present conclusions to the first aim o f  this study.
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11.1.5. P o l y m e r  C h a i n M obility
11.1.5.1. Su m m a r y  o f Properties C o n t r o l l e d b y Po l y m e r  C hain 
M obility
Properties altered by the addition o f organoclay can be characterised by the mechanism 
causing the property to change. These can broadly be divided into platelet effects arising 
from the physical presence o f  clay layers, such as mechanical properties and permeability 
when creating a tortuous path, and interphase effects arising from changes in polymer 
chain mobility and constraint around clay platelets, such as glass transition temperature 
and solvent permeability during Case II uptake. It has been observed that platelet effects 
are controlled by organoclay morphology when organoclay-polymer interaction is 
sufficient to enable stress transfer for mechanical properties; therefore, mechanical 
properties can be increased in the vast majority o f organoclay epoxy-amine 
nanocomposites as this level o f interaction is relatively common. However, inteiphase 
effects require a much higher level o f  organoclay-polymer interaction and properties 
controlled by this mechanism are often seen to decrease even when interaction is 
sufficient to generate mechanical property increases. These types o f  property increases 
rely on such changes as polymer constraint, free volume and superior polymer-organoclay 
bonding to form supported films. These types o f changes occur more often in 
thermoplastic materials and allow more significant property changes to develop.
Ethacure is the only polymer system used in this investigation that generates the required 
changes to polymer surrounding clay platelets to derive significant interphase effects and 
alter properties via this mechanism. A ll properties controlled by platelet effects, polymer- 
and fibre-nanocomposite mechanical properties and permeability controlled by Fickian 
diffusion, altered to a similar degree in all polymer systems displaying comparable 
morphology and original material properties. However, material properties controlled by 
polymer chain mobility, glass transition temperature, dielectric constant and Case II 
diffusion, were consistently improved in the Ethacure system while they remained 
relatively constant or reduced in other polymer systems. Although a slight decrease in 
Polypox solvent diffusion was observed this was significantly lower than that o f Ethacure.
11.1.5.2. Influence of Properties Controlled by Polymer Chain 
Mobility on Civil Engineering Composites
Nanocomposite properties controlled by polymer chain mobility do not represent 
significant advantages over currently available materials. Changes in glass transition 
temperature, part o f the second aim o f this study, are often not advantageous and tend to 
be limited to a maximum o f 20°C. Although this would provide a reasonable advantage in 
a room temperature curing polymer these larger increases are usually observed in high
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temperature curing materials, while room temperature curing materials are often 
unchanged or reduced. As discussed above improved solvent permeability offers no 
advantage, while minor changes in dielectric constant also do not represent an advantage 
over pristine polymers when applied in a civil engineering composite.
Although these property changes are not significant for civil engineering composite 
materials at present, property changes that arise due to changes in properties controlled by 
polymer chain mobility are likely to provide advantageous changes in polymer properties 
once these types o f interfaces can be fully manipulated. It is likely that experimentation 
into these areas will generate nanocomposites with superior organoclay-polymer 
interactions that improve stress transfer, generate tactoid dispersion at low shear and 
produce no increased equilibrium uptake during sorption, all o f which have been 
addressed as arising from inadequate interfacial interaction.
11.1.6. O v e r a l l  C o n c l u s i o n s
Based on the materials created during this study and the mechanical, hairier and 
durability properties established, the benefits o f organoclay in epoxy matrix materials 
would probably not be sufficient to overcome the additional expense o f processing. 
Permeability resistance to water was not improved while the range o f solvent resistance, 
mechanical and thermal property increases are either not applicable, not significant or not 
consistently generated in every combination o f  materials.
However, i f  the processing o f organoclay can be performed on a large scale by 
mechanical methods, or by using organoclays superior to those commercially available at 
present, then the types o f barrier properties achieved in some epoxy materials would in 
theory offer an advantage. Increased thermal properties up to a maximum o f 20°C do not 
represent a significant increase when different polymers can be used that offer larger 
increases, and often these properties are reduced. In addition, increased mechanical 
properties o f fibre-nanocomposites are limited when used in well balanced composites, 
the same increases could be achieved with greater predictability by providing a larger 
component to sustain the same load or with slightly increased modulus. Furthermore, 
material properties that require higher organoclay contents to be effective, such as 
reduced moisture permeability, might prove to be detrimental to mechanical properties 
and result in reduced fracture toughness laminates; thus negating any improved durability 
as additional material must be added to counteract reduced ultimate properties. Therefore, 
the use o f organoclay in composite materials would rely on permeability reductions that 
are more cost-effectively than other methods currently used to reduce the ingress o f 
moisture and are free from any o f the negative properties observed during testing.
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Composite durability was found to be unaffected with specimens showing almost 1% 
difference in moisture uptake; therefore, any nanocomposite would need to improve 
equilibrium uptake o f the base polymer by more than this value and reduce the rate o f 
moisture uptake significantly. Therefore, permeability would have to be improved to a 
level witnessed in a only a few cases involving epoxy nanocomposites to warrant the 
additional expense o f incorporating and processing organoclay It cannot currently be 
guaranteed that this level o f  permeability improvement would be established due to the 
limited number o f cases in which this has been achieved. Therefore, the present state o f 
the art does not allow sufficient improvements to be attained and the development o f 
superior organoclays capable o f becoming exfoliated with relative ease, or methods o f 
processing that are proven to be highly effective, cost efficient, reproducible and rapid 
would be required before this technology could be applied to civil engineering materials. 
However, the future potential o f  nanocomposite materials remain significant and their 
application in civil engineering composites will offer significant advantages as the 
technology develops to allow economical processing and increased property advantages.
11.2. F u t u r e  W o r k
11.2.1. N a n o c o m p o s i t e  M o r p h o l o g y
The use o f  organoclay nanocomposites in civil engineering will rely on adequate 
organoclay morphology being created at low cost that improves barrier properties without 
detriment to other mechanical or thermal properties. Therefore, methods that can be used 
to effectively process these materials economically on a large scale must be found, or the 
manufacture o f organoclays with highly compatible tailored surfactants that are readily 
exfoliated with minimal processing to achieve the same result.
Methods found to achieve high levels o f mechanical dispersion and exfoliation must be 
developed that are compatible with industrial processing. Impingement processing o f 
liquid epoxy resins has been found to be effective and similar large scale methods would 
have to be employed. Epoxy resins that are solid at room temperature could be processed 
by extruder type devices to compound organoclay; however, there are problems regarding 
this form o f processing as it is not designed for thermosetting resins. This could be used 
to determine whether a similar organoclay morphology can be created as in thermoplastic 
materials; in theory all processing should occur within the extruder and similar results 
should be obtained in both systems. This could be further enhanced i f  suitable 
organoclay-curing agent combinations were used to achieve a chemical exfoliation 
mechanism.
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Development o f curing agent surfactant, or other tailored, organoclays would allow the 
potential o f this type o f material to be assessed. I f  found to be a significant advantage then 
this type o f organoclay could be manufactured by commercial companies in a similar way 
to those currently in production. Research into this area has been extremely limited as 
commercially available organoclays are usually used; however, this method is potentially 
the most effective and economically viable route to producing highly compatible and well 
exfoliated epoxy nanocomposites that could be employed within the civil engineering 
industry. Short chain aromatic diamine curing agents would be well suited for use as 
surfactants as they will provide a high level o f organophilic behaviour and low polymer 
chain segmental mobility so that glass transition temperature and other associated 
properties are not reduced, as might occur with longer chain aliphatic curing agents.
11.2.2. N a n o c o m p o s i t e  P r op e r t i e s
Organoclay-polymer combinations that do not result in increased equilibrium water 
uptake, even when morphology is poor, should be investigated. I f  no negative results are 
observed, and preferably positive, when morphology is poor then high compatibility must 
exist that prevents additional water being absorbed. The level o f  exfoliation and 
dispersion can then be investigated and refined until significant reductions are achieved. 
Research into material combinations that are exfoliated and reduce rate but not 
equilibrium uptake would not result in improved long term durability and these material 
combinations should be avoided.
The level o f macroscale dispersion necessary to attain penneability reductions should be 
assessed to determine the threshold level that is required. This can then be used as a 
starting point on which dispersion and exfoliation can be increased to further reduce 
permeability. This process is a time consuming process when conducted by TEM and it 
would be advantageous to identify alternative techniques that can be used to directly 
measure or infer dispersion and exfoliation from material properties.
I f  organoclay nanocomposites were to be employed in civil engineering a rapid and 
reliable method to determine the level o f dispersion and exfoliation after processing 
would be needed as a quality control measure. After adequate analysis o f material 
morphology by TEM and comparison with other methods it may be possible to infer 
morphology by these other methods alone. By analysing resin viscosity or dielectric 
properties the dispersion o f organoclay could be assessed to detennine whether 
processing has been earned out to the desired level.
Chapter 11: Conclusions and Future Work
In order for nanocomposite matrix materials to be used in civil engineering all material 
properties will have to be assessed with each potential material combination. Ideally 
organoclay will not lead to any decreased properties; however, this is unlikely and an 
assessment o f these changes would have to be considered to determine their applicability.
The examination o f fibre-nanocomposite ISS would reveal how organoclay can influence 
composite properties. By conducting single fibre fragmentation or single fibre pull-out 
tests the ISS could be evaluated. I f  conducted with various combinations o f fibre, matrix, 
organoclay and resulting morphology the combinations in which organoclay provides the 
greatest advantage could be assessed. Untreated fibres or with a coating to reduce 
adhesion could be used to simulate poor matrix-fibre interaction and assess whether in 
these circumstances organoclay can offer significant increases, as has been seen during 
some previous work.
It is likely that transverse tensile and flexural properties would be increased to a greater 
degree than longitudinal properties. Investigation o f these properties would allow the 
potential increases to be assessed and to evaluate whether significant advantages can be 
attained.
Glass transition temperature and dielectric properties o f materials with less than 
stoichiometric curing agent should be tested to determine i f  constrained polymer was 
formed in these specimens, which was not recorded when fully cross-linked. This should 
indicate whether the increased mechanical properties o f elastomeric materials were due to 
mechanical reinforcement alone or were further improved by constrained polymer 
regions.
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